Field Trials of Ex Situ Smouldering Treatment (STARx) of Oil Sludge by Murray, Cody
Western University 
Scholarship@Western 
Electronic Thesis and Dissertation Repository 
6-11-2019 10:00 AM 
Field Trials of Ex Situ Smouldering Treatment (STARx) of Oil 
Sludge 
Cody Murray 
The University of Western Ontario 
Supervisor 
Gerhard, Jason I. 
The University of Western Ontario Co-Supervisor 
Grant, Gavin P. 
The University of Western Ontario 
Graduate Program in Civil and Environmental Engineering 
A thesis submitted in partial fulfillment of the requirements for the degree in Master of 
Engineering Science 
© Cody Murray 2019 
Follow this and additional works at: https://ir.lib.uwo.ca/etd 
 Part of the Environmental Engineering Commons 
Recommended Citation 
Murray, Cody, "Field Trials of Ex Situ Smouldering Treatment (STARx) of Oil Sludge" (2019). Electronic 
Thesis and Dissertation Repository. 6315. 
https://ir.lib.uwo.ca/etd/6315 
This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted 
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of 
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca. 
ii 
Abstract 
Growing environmental concern and regulations around petroleum producing and 
refining facilities, along with the divesting of legacy properties, have necessitated the 
need for rapid, high capacity, and cost-effective treatment technologies for remediating 
these sites and their produced wastes. Self-sustained liquid smouldering – known as 
STAR technology - has been studied extensively at small scales and has been proven as 
an effective in situ remediation technique for heavy hydrocarbons.  However, STAR as a 
large-scale ex situ waste disposal method (STARx) has yet to be demonstrated. Here 
STARx is evaluated for the first time in soil pile configurations, using an engineered base 
concept called HottpadTM, at both the prototype (0.35 – 1.3m3) and field (80 – 160m3) 
scales.  The treatment was applied to oily sludge from crude oil tank bottoms and oil 
water separation processes mixed with sand or soils at concentrations from 4 020 – 115 
000mg/kg total petroleum hydrocarbons (TPH). The relationships between initial soil 
concentrations, off-gas production, mass destruction rates, cycle times, and peak 
temperatures provide important insights into the performance and costs of applying the 
technology at field scale. STARx was shown to successfully destroy the wastes to below 
laboratory detection limits, with contaminant mass removal efficiencies of greater than 
98% being observed.  Overall, this work demonstrates for the first time that STARx is a 
viable large-scale option for hydrocarbon sludge treatment. 
Keywords 




Summary for Lay Audience 
Waste products from the oil & gas industry can cause serious environmental impacts in 
the forms of soil, groundwater, and surface water contamination. The majority of these 
wastes are unusable by-products from the oil refining processes (sludges), which have 
historically been kept in lagoons. Forced by regulatory agencies or by property 
transactions, these wastes must eventually be disposed of. Current technologies are 
expensive and energy intensive. Here, smouldering combustion is proposed as alternative 
disposal method by mixing the sludges with soil and piling that mixture onto an 
engineered platform called a HottpadTM. The Hottpad ignites the sludges and waste is 
destroyed and removed from the soil as off-gases, which are captured and treated. This 
research explores the Hottpad design and the behaviour of the smouldering reaction, at 
both a small prototype scale and a large field-scale and establishes various relationships 
between factors that influence treatment performance, such as sludge loading 
(contaminate concentration) and pile height. The Hottpad was shown to successfully 
remove sludge from the soil piles using less energy than current methods. Overall, this 
work demonstrates for the first time that Hottpad is a viable large-scale option for the 
treatment of oil wastes.    
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Chapter 1  
1 Introduction  
Modern day crude oil exploration, distillation, and use dates to the mid-1800s and, since 
the invention of the internal combustion engine, petroleum derived products have become 
a dominate commodity around the world. Humans’ dependence on cheap petroleum 
products has resulted in the mismanagement of waste byproducts from its refining 
processes. These wastes are often stored, perpetually, in poorly maintained lagoons or 
landfills, and disposal often involves incineration or energy intensive processes (da Silva 
et al., 2012). Smouldering of petroleum wastes and other organic liquid wastes, including 
cooking oils, coal-tars and creosotes, and biosolids, within an inert porous matrix has 
been shown to successfully destroy the liquid in a self-sustaining manner (i.e. in the 
absence of external energy inputs, following ignition) (Switzer et al., 2009; Kinsman et 
al., 2017; Rashwan et al., 2016).  As a result, smouldering has been demonstrated to use 
significantly less energy than alternative methods, such as incineration or thermal 
desorption (Scholes et al., 2015; Vidonish et al., 2016). The use of smouldering 
combustion to remediate contaminated soils, known as Self-Sustaining Treatment for 
Active Remediation (STAR), has been studied in-depth in the laboratory, through small 
scale experiments and modelling, and has been proven as a viable in-situ remediation 
technology for large scale sites. However, the ex-situ application of smouldering 
combustion (STARx) for treatment of excavated soils and/or liquid wastes has never been 
evaluated.  The Heated Overland Thermal Treatment Pad (HottpadTM) concept, a 
completely new system for applying STARx, was proposed for treating sludges and 
contaminated soils.  The goal of this research was to scale-up and evaluate the design and 
performance of the Hottpad concept.  This was accomplished using soil piles to treat 
crude oil sludges and includes both prototype testing and the first field-scale applications 
of the technology at an industrial site. 
1.1 Research Objectives 
This thesis had the specific goals of assessing the operating characteristics and overall 
viability of the proposed Hottpad concept. Through a series of a small-scale prototype 
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experiments and large-scale field trials, the influence of key design and operating 
parameters on the performance of the technology (treatment effectiveness, treatment 
rates, emissions) were assessed. This research provided a key step from concept and 
laboratory research to field application and commercial implementation.  Understanding 
process behaviour at the field scale is central to continued improvement of the 
technology, reducing energy inputs and unwanted by-products, and ensuring a minimal 
treatment cost.   
1.2 Thesis Outline 
This thesis is written in an integrated article format in accordance with the guidelines and 
regulations stipulated by the Faculty of Graduate Studies at the University of Western 
Ontario. Each chapter in the thesis is described below. 
Chapter 2 is a literature review presenting background on smouldering as a remediation 
and waste management technique and an overview of alternative practices and 
technologies for the management of these materials. Emphasis is placed on the current 
understanding of the behaviour of smouldering combustion of petroleum hydrocarbons 
through small-scale experiments and modelling.  
Chapter 3 presents the results of the Hottpad prototype and field scale testing. A brief 
description of the system components and engineering is included before the research 
objectives outlined in Section 1.1 are discussed based on five prototype and seven field-
scale tests. Comparison of key parameters between the prototype and field-scale systems 
are presented but emphasis is placed on describing the behaviour at field scale. An 
adaptation of this chapter is intended to be submitted to a peer-reviewed journal for 
publication. 
Chapter 4 summarizes the key findings and conclusions of this thesis and discusses areas 
of future research and development for the Hottpad system.  
Appendices containing supplementary information are included and referenced 
throughout the thesis.  These include full descriptions and data sets of the testing results, 
calculation methods, and other supporting information.  
3 
Chapter 2  
2 Literature Review 
2.1 Introduction 
Petroleum hydrocarbon wastes and contaminated materials (i.e., soils) are an inherent 
result of the oil and gas industry. These wastes can take many forms from oily sludges 
generated through the production and refinement of crude oils and/or the releases of 
petroleum (crude oil or its products) into the environment. Almost 16 000 cubic meters 
(m3) of pure product is spilled in the United States every year (Vidonish et al., 2016) but 
this is dwarfed by the approximately 15 000 000m3 of oily sludge generated from refining 
processes on an annual basis (da Silva et al., 2012).  
Oily sludge is a major consequence of crude oil exploration, production, and refinement. 
Whether from the drilling and completing of new wells, the transportation and storage of 
raw crude, or the many steps of the refining and recovering processes, oily sludge is a 
significant byproduct that requires rigorous handling, storage, and disposal (da Silva et 
al., 2012; Vidonish et al., 2016; Hou et al., 2013). The sludge is often composed 
primarily of petroleum hydrocarbons but, due to the high amounts of solids (sediments) 
and/or water, recovery of the useful oil is challenging and expensive (Islam 2015). 
Recovery technologies do exist, but application is often limited to sludges with high 
potential economic returns and these processes generate their own reduced sludges and 
byproducts (Hu et al., 2013). This leaves significant amounts of oily sludges that are 
difficult and costly to dispose of due to their complex and hazardous nature, resulting in 
the seemingly perpetual storage of these wastes in on-site lagoons (da Silva et al., 2012; 
Hu et al., 2013).  
The primary methods used to treat oily sludges include incineration and biodegradation, 
while the treatment of contaminated soils may also include thermal desorption or 
stabilization (da Silva et al., 2012; Vidonish et al., 2016). Landfills, including specialized 
hazardous waste landfills, utilize elements of stabilization and biodegradation but in a 
less intentional form, and may still produce atmospheric (volatile organic carbon [VOC] 
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emissions) and groundwater (leachate) environmental issues (Hu et al., 2013).  Since all 
these techniques are very expensive and/or not effective, the majority of oily sludges are 
left untreated, accumulating continuously (Johnson et al., 2018). 
In the past decade, liquid smouldering has been offered as a novel remediation approach 
for both contaminated soils and oily sludge (Switzer et al., 2009; Pironi et al., 2009; 
Switzer et al., 2014). This approach is commercially available as the STAR (in situ, 
Figure 2-1) and STARx (ex situ) technology and uses the energy content of the 
contaminant (i.e., hydrocarbons) as fuel for a smouldering combustion reaction, thus 
destroying the contaminant in the process. Smouldering is unique from incineration due 
to the self-sustaining nature of the combustion reaction, requiring no supplemental fuel, 
and thus is a relatively low energy alternative for treatment of petroleum hydrocarbon 
contaminated soils and oily sludges (Switzer et al., 2009). Though being studied at small 
scales (laboratory experiments, Figure 2-2) since 2007, limited research has been done at 
larger commercially viable scales for STARx. Switzer et al. (2014) demonstrated that soil 
volumes up to 3m3 could be treated ex situ (Figure 2-3) but much larger volumes 
(>100m3) are anticipated for commercial success. Thus, this work is new and important 
to the continuing understanding of smouldering behaviour beyond the laboratory.   
 
Figure 2-1: Example of a full-scale STAR (in situ) system (Savron 2016). 
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Figure 2-2: Examples of laboratory experimental columns showing (a) a 16cm 
diameter by 22cm tall column, (b) a 16cm diameter by 63cm tall column, and (c) a 
16cm diameter by 127cm tall column.
 
 
Figure 2-3: Example of a 3m3 bin experiment performed by Switzer et al. (2014) 






2.2 Liquid Smouldering 
Smouldering combustion is the exothermic oxidation of a condensed-phase fuel at its 
surface (Ohlemiller 1985), in contrast to flaming combustion, which first involves the 
gasification and then oxidation of fuel (Switzer et al., 2009). Relative to flaming, 
smouldering is a slower and lower temperature combustion reaction. Smouldering 
typically occurs within a solid porous fuel, such as charcoal, but can also occur with 
liquid fuels if those liquids are embedded in an inert porous media, such as sand or soil 
(Zanoni et al., 2019), as illustrated in Figure 2-4.  
 
Figure 2-4: Vertical smouldering of liquid fuel showing (a) heat transfer processes 
between solid and gas phases in the hot treated sand after the smouldering front has 
passed, (b) the cold liquid fuel embedded in sand, (c) pyrolysis occurring in the 
heating front, and (d) char oxidation of the pyrolyzed fuel (Zanoni 2018). 
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With liquid smouldering, the fuel occupies the pore space between the inert media (e.g., 
sand), which typically has a higher thermal conductivity and heat capacity than solid 
fuels (e.g., wood or peat, etc.), allowing heat to accumulate and be recovered (Zanoni et 
al., 2019). When oxidant (i.e., air) arrives at the active combustion zone it is consumed 
and carbon dioxide (CO2) and water vapour are produced (Figure 2-4). In forward 
smouldering, where the gas flow is in the same direction as the reaction front, the air is 
convectively heated as it passes through previously combusted regions. This heated air 
continues through the combustion front, where more heat is released by the reaction as 
oxygen is consumed, and then stored when it reaches the cold fuel ahead of the reaction 
zone. Here, convective heat transfer between the hot oxygen depleted air and the cold 
liquid fuel initiates pyrolysis reactions which form solid char particles (Figure 2-4). This 
char is what is oxidized during the combustion reaction, not the liquid fuel itself (Zhou et 
al., 2009). Pyrolysis is an endothermic reaction (i.e., heat sink) but has been shown to be 
a minor contributor to the overall energy balance of smouldering compared to lateral heat 
losses at the column scale (Torero et al., 1995; Zanoni 2018).  
Smouldering can also occur when the direction of air flow opposes the direction of the 
reaction front. In this case, cold air is delivered to the reaction zone meaning that the heat 
released from oxidation must be used to heat up the gas, resulting in less efficient heat 
transfer (Pironi et al., 2009). Forward and opposed smouldering refer to the direction of 
air flow relative to the reaction front, but that front can also travel in either an upward or 
downward direction. Thus, smouldering can be considered to occur in a forward upward, 
forward downward, opposed upward, or opposed downward manner; though in reality, 
when considering a complex 3-dimensional scenario, multiple combinations, including 
lateral propagation, may occur (Zanoni et al., 2019). In general, for applied smouldering 
treatment of organic liquids in inert porous media, forward upwards propagation is 
considered the dominant scenario.     
Smouldering is highly dependent on the delivery of oxidant to the fuel (i.e., contaminant) 
surface. With liquid smouldering, since the fuel occupies the pore space between solid 
particles, the initial local effective permeability of the porous media is reduced (Zanoni et 
al., 2019). This, along with increased air viscosities at high temperatures, increases the 
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back pressure exhibited on the delivery air. Back pressure decreases with increasing 
length (height) of the porous media (Ohirhian 2010) but may fluctuate during treatment 
depending on the robustness (completeness and strength) of the smouldering reaction 
(temperature) which affects the density and viscosity of air traveling through the pores.  
Small scale laboratory experiments of liquid smouldering have been run at air fluxes 
between 0.5 – 9.15 centimeters per second (cm/s) (Switzer et al., 2014), with the majority 
run above 2cm/s. These flux values are reported as air velocities (i.e., neglecting the 
effective porosity of the soil). Air flux is proportional to the average peak temperature of 
the smouldering reaction and the average velocity at which it propagates upwards 
(Yerman et al., 2016). Generally, as air flux increases more oxygen is delivered to the 
reaction surface and thus more energy (heat) is released. However, a transition point 
exists where increased flow of air, which is mostly nonreactive nitrogen, convectively 
transfers less heat to the cold fuel ahead of the smouldering front, thus reducing the 
efficiency of the reaction and increasing the heat loss from the system by expelling hotter 
gases (Yerman et al., 2016). This point is likely dependent on many factors, such as 
reaction vessel scale and fuel characteristics, concentration, and moisture content, but 
Yerman et al. observed this transition between 38 – 47cm/s when smouldering feces, 
which are much higher velocities than typically used for liquid smouldering (i.e., 1-
5cm/s) (Kinsman et al., 2017) and therefore, limited influence of air flux on peak 
smouldering temperatures has been observed. Pironi et al. (2009, Figure 2-5) observed 
that front propagation velocity is nearly linearly proportional to air fluxes between 2.29 
and 16.2cm/s and is typical of oxygen limited combustion. Modelling done by Zanoni et 
al. (2019) supported the linear relationship between air flux and front velocity for fluxes 
between 2.5 and 8.3cm/s and determined that air flux has a dominant influence on the 
local energy balance of the reaction zone (peak temperature and propagation velocity). 
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Figure 2-5: Average smouldering velocity has been shown to be almost linear with 
air flux at the laboratory scale (Pironi et al., 2009). 
Peak temperature and propagation velocity are also dependent on other fuel 
characteristics, such as fuel type (contaminant) and concentration (Pironi et al., 2011).  
Smouldering behaviour is ultimately the result of a complex energy balance, the net of 
energy released (oxidation) minus energy lost (pyrolysis, radiation, convection), 
integrated over space and time (Zanoni et al., 2019) .  The heat losses at the laboratory 
scale can be significant, on the order of 40 – 80% .  However, heat losses are scale 
dependent, and larger volumes (i.e., lower surface area to volume ratios) have shown 
reduced heat losses (Switzer et al., 2014; Scholes et al., 2015). Less heat losses should 
allow for self-sustained smouldering to occur with lower air fluxes at larger scales than 
those demonstrated in the lab; this hypothesis will be tested in this work.      
2.3 Alternative Ex Situ Thermal Technologies 
STARx is the ex situ application of liquid smouldering. It can be used as a remediation 
approach for excavated non-aqueous phase liquid (NAPL) contaminated soils or liquid 
wastes, such as petroleum hydrocarbon oily sludges, when mixed with an inert porous 
media such as sand or NAPL contaminated soil for co-treatment (Switzer et al., 2014; 
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Solinger 2016). Traditional ex situ remediation approaches for NAPLs and oily wastes 
include various forms of bioremediation or thermal treatments. The focus of this review 
will be on the thermal technologies as they are the most comparative to STARx in terms 
of required infrastructure, treatment times and capacities, and treatment efficiency. Ex 
situ thermal technologies for oily sludge disposal include incineration, thermal 
desorption, and microwave irradiation (da Silva et al., 2012; Hu et al., 2013; Vidonish et 
al., 2016). There are other technologies that focus on recovering any usable oil from 
sludges, such as solvent extraction, centrifugation, freezing & thawing, and surfactant 
recovery, but all of these methods still leave unusable sludge wastes behind that must be 
disposed of (Hu et al., 2013). These wastes are the targets for thermal remediation 
technologies such as STARx.  
2.3.1 Incineration 
Incineration is a proven technology not only for petroleum waste disposal but for many 
other hazardous and municipal wastes and can remove greater than 99% of contaminant 
mass (Vidonish et al., 2016). There are four main types of incineration: rotary kilns, 
fluidized bed reactors, liquid injection, and infrared heaters; with rotary kilns and 
fluidized beds being the most common for oily sludge disposal (Hu et al., 2013). 
Fluidized bed incineration can be very effective for treating low-quality sludges due to 
high mixing and combustion efficiencies (Zhou et al., 2009).  However, all forms of 
incineration require the addition of supplemental fuel, such as natural gas or propane, to 
establish and maintain flaming combustion. Typically, a combustion chamber is used to 
house a flame and waste is fed in through ports and mixed, through fluidization or rotary 
action (da Silva et al., 2012), to allow for gasification and flaming at high temperatures, 
as shown in Figure 2-6. This mixing also requires additional input of energy via 
compressed air for fluidized beds or electricity for rotary kilns.   
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Figure 2-6: The basic components of an incinerator (Omari et al., 2015). 
Combustion temperatures in fluidized beds range between 730 – 760 degrees Celsius (ºC) 
with residence times on the order of minutes to hours (Hu et al., 2013).  This is similar to 
temperatures observed in oily sludge smouldering tests (Pironi et al., 2011; Switzer et al., 
2014) but treatment times anticipated at large-scale STARx treatment systems may take 
multiple days (Solinger 2016). However, fluidized beds use significantly more energy 
than smouldering to achieve the same treatment levels. Air flux must be high enough to 
fluidize the material, which depending on the system and waste characteristics, may be 
on the order of 18cm/s or greater (Zhou et al., 2009; Kowarska et al., 2013). 
Supplemental fuel usage depends on fuel type and the energy content of the feed stock 
(waste), and can vary over the course of a treatment cycle, but may range between 1.5 – 
3.4 mega-Joules per hour (MJ/hr) (Kowarska et al., 2013; Omari et al., 2015). Overall, a 
European Commission (2006) reported energy requirements for incineration between 
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0.021 – 0.935 mega-Watt hours (MWh) per tonne of waste incinerated, though most 
facilities have energy recovery systems that recoup an average of 66% of the input energy 
(Grosso et al., 2010). Incinerators targeting oily sludge disposal may have overall 
treatment costs between $150 - $2,900 per tonne (2016 United States Dollars [USD]) 
(Vidonish et al., 2016; Hu et al., 2013).   
Though incineration has high waste destruction efficiencies, there are also undesirable 
byproducts produced that require secondary treatment or disposal, such as flue gases 
(emissions) and ash.  Emissions from incinerators vary depending on the feedstock but 
typically include CO2, carbon monoxide (CO), particulate matter (PM), nitrous oxides 
(NOx), sulfur oxides (SOx), unburnt poly aromatic hydrocarbons (PAHs), acid gases 
(such as hydrochloric acid [HCl]), dioxins and furans, and/or heavy metals (such as lead 
[Pb], cadmium [Cd], or mercury [Hg]) (European Environmental Agency 2016). These 
emissions are treated using scrubbers, electrostatic precipitators, or secondary 
combustion chambers before being released to atmosphere (Vidonish et al., 2016).  Ash 
residuals from combustion, plus scrubber water and sludges, also require additional 
treatment or disposal (Hu et al., 2013), and contribute to the high cost per tonne of oily 
sludge treatment.  Similar emissions treatment and disposal of ash and/or scrubber 
remnants is expected to be necessary for smouldering treatment of oily sludges, although 
the particulate (soot) emissions from smouldering of liquid appears to be minimal 
(personal communication, J. Gerhard). 
2.3.2 Thermal Desorption 
Thermal desorption, Figure 2-7, is typically applied to contaminated soils or other inert 
materials and involves heating the media to temperatures that volatilize or desorb the 
contaminants, which are purged or extracted by a sweep gas or vacuum (Vidonish et al., 
2016). Thermal desorption is limited to the treatment of contaminated soils and has not 
be shown as a viable liquid organic waste disposal method (US EPA 1994; Zhao et al., 
2019). Target contaminants for thermal desorption typically include high concentrations 
of PAHs, total petroleum hydrocarbons (TPH), polychlorinated biphenyls (PCBs), or Hg 
(Zhao et al., 2019). In theory, no destruction takes place within the treatment vessel but 
instead the volatilized contaminants are collected and destroyed via thermal oxidation or 
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absorbed using activated carbon. However, the increased temperatures in the treatment 
vessel may cause pyrolysis or oxidation to occur. Treatment temperatures are dependent 
on the contaminant of concern’s volatilization temperature and are divided into two target 
ranges: low-temperature thermal desorption (100 – 300ºC) and high-temperature thermal 
desorption (300 – 550ºC). Both in situ and ex situ thermal desorption are possible but this 
review focuses on the ex situ application for comparison to STARx.  
 
Figure 2-7: The basic process of a thermal desorption system (Zhao et al., 2019). 
Thermal desorption has been shown to have greater than 99% removal of low molecular 
weight contaminants and does desorb heavier molecular weight components, though 
treatment times are significantly increased (Vidonish et al., 2016). Soil moisture contents 
and soil minerology (sands vs. clays) also affect treatment times, and thus the cost of 
treatment. For example, though thermal desorption is effective at remediating clays and 
silty soils, these minerals can increase the necessary treatment temperatures (Falciglia et 
al., 2011) and reaction time due to binding of the minerals and contaminants (Federal 
Remediation Technologies Roundtable n.d.). Reported treatment costs for ex situ thermal 
desorption range from $46 - $99 (2016 USD) per tonne of soil (Vidonish et al., 2016) 
with treatment times ranging from minutes to hours. Since thermal desorption does not 
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intentionally destroy the target contaminants, recovery of potentially valuable substances, 
or the subsequent disposal of materials, is possible (Zhao et al., 2019).  
As shown in Figure 2-7, thermal desorption may require soil pretreatment for dewatering, 
removal of large debris, and/or addition of reagents to improve the removal efficiency 
(Zhao et al., 2019). The contaminated soil moisture content for thermal desorption is 
ideally between 10 – 20%. Some moisture is desirable as water can help with adsorption 
of polar molecules and, when heated, steam can increase the distillation of contaminants. 
However, too much water will inhibit volatilization, increase heat losses through steam 
generation (and thus increase treatment times and cost), and increase the burden on 
emissions treatment equipment. 
Contaminant concentration and distribution pose some issues for thermal desorption and 
are related to the equipment design, carrier gas flow, and exhaust gas treatment capacity. 
Depending on the contaminant, lower concentrations may result in lower removal 
efficiencies or longer treatment times (Tatano et al., 2013), possibly due to the 
compounds being tightly bound and not readily able to desorb (Zhao et al., 2019). 
Conversely, higher concentrations may overwhelm the secondary treatment equipment or 
require excessively high temperatures that may damage the soil and/or equipment (Zhao 
et al., 2019). Uneven contaminant distribution may be problematic for establishing 
appropriate treatment conditions (temperature, residence time, sweep gas rate) and can 
negatively impact treatment efficiencies and costs. Soil pre-mixing and homogenization 
can help mitigate this but adds complexity to the overall process.  
Compared to incineration and thermal desorption, liquid smouldering as a large-scale ex 
situ remediation technique for treatment of excavated soils and/or oily sludge disposal 
has yet to be demonstrated. Some larger scale experiments, beyond the laboratory, have 
been completed by Switzer et al. (2014) but were not at a commercially viable treatment 
volume. The treatment vessels were also not designed to be robust (strong) and proficient 
assemblies capable of prolonged use. Therefore, this work will evaluate the Hottpad 
concept as a new and innovative marketable alternative for hydrocarbon contaminated 
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soil and/or oily sludge treatment and examine liquid smouldering behaviour at large scale 
for the first time.   
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Chapter 3  
3 Field Trials of Ex Situ Smouldering Treatment (STARx) 
of Oil Sludge 
3.1 Introduction 
Petroleum refining processes around the world produce approximately 190 000 m3 of 
waste sludge every day (da Silva et al., 2012). Since petroleum is a mixture of a wide 
range of different hydrocarbons, including alkanes, cycloalkanes, and aromatic 
hydrocarbons, the waste sludges can also have varying characteristics and compositions 
(Islam 2015). Undesirable components of crude oil, such as heavy metals and other 
solids, are often concentrated in the waste sludge and, combined with the large volumes 
of water required for the refining processes, make the sludges extremely challenging to 
dispose of. This has led to the accumulation of sludges at refineries and storage facilities, 
significantly increasing the environmental liability of the producer. Landfilling is 
typically not an option, as sludge is considered a hazardous waste, and incineration or 
filtration is difficult and expensive, due to the high water and solids contents. 
Bioremediation and land farming have been used as a lower cost alternative, but lack of 
effectiveness at treating heavy hydrocarbons and the large areas and lengthy treatment 
times required to properly implement this approach limit the wide scale feasibility of 
dealing with historical stockpiles of waste and ongoing generation. Innovative and 
efficient solutions for dealing with petroleum sludges, and other organic liquid wastes, 
are required to responsibly address this issue.   
Smouldering is a flameless form of combustion in which the surface of the fuel oxidizes 
exothermically in the presence of oxygen (Ohlemiller 1985); a glowing red charcoal 
briquette in a barbeque is an example. Smouldering of liquid fuels can occur when the 
liquid is embedded in a porous matrix, such as soil or sand, so that the liquid has a high 
surface area and the bed has an effective permeability to air (Switzer et al., 2009). In the 
case of petroleum sludge, and other organic liquid wastes, the waste is the fuel utilized in 
the combustion reaction and is destroyed in the process (primarily converted to carbon 
dioxide, water, and heat).  Under appropriate conditions (i.e., sufficient fuel, sufficient 
17 
oxygen) the smouldering reaction can progress in a self-sustaining manner once ignition 
is achieved; this property results from the high energy efficiency of the smouldering 
process and means that it can be inexpensive to apply.  Smouldering therefore differs 
substantially from incineration, in which supplemental fuel (i.e., propane or natural gas) 
is continuously needed to create high temperatures that breakdown the waste, and from 
thermal desorption, in which heat is continuously added to desorb and volatilize the 
contaminants for extraction and secondary treatment. 
Self-sustained smouldering of liquid fuels has been studied extensively in the laboratory 
(Switzer et al., 2009; Pironi et al., 2011; Hasan et al., 2015; Kinsman et al., 2017; Salman 
et al., 2015; MacPhee et al., 2012; Rashwan et al., 2016).  Column tests typically employ 
a short ignition event at the bottom of a relatively coarse-grained and homogenous porous 
matrix contaminated with an organic liquid.  Subsequently, only air (oxygen) injection is 
required to sustain the upwards propagation of a thin smouldering reaction in the same 
direction as the air flow. Once all the fuel (contaminant) has been consumed (i.e., soil 
remediated) the reaction automatically stops and the clean porous matrix cools (Pironi et 
al., 2009).  Such tests have been used to show that smouldering velocity is linearly related 
to air flux but also influenced by contaminant type and concentration, as well as soil type 
(Pironi et al., 2011), and that mass loss rates are influenced by generation and 
recondensation of moisture, aerosols, and volatile compounds in cooler areas ahead of the 
pre-heating and smouldering zones, until the heating front has reached the top of the cap 
material (Kinsman 2015).   
Smouldering is commercially available as the STAR (in situ) technology. STAR has been 
proven in the field for in situ soil remediation (Scholes et al., 2015).  Proof of concept 
testing for ex situ smouldering treatment (STARx) of excavated soils and/or oily wastes 
has been performed in engineered reaction vessels (3m3 square bins) (Switzer et al., 
2014). Scaling up to more commercially viable treatment volumes requires a low-cost 
alternative configuration of STARx, which is proposed here as soil piles utilizing the new 
HottpadTM concept.  
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Figure 3-1: An early conceptual model for multiple Hottpad systems at various 
stages of operation, from loading of contaminated soil, through treatment, to 
unloading (Savron 2016). 
The Hottpad is a horizontal, low profile, engineered base over which contaminated 
material is piled (Figure 3-1). The base houses heating elements for ignition and air 
distribution piping to deliver air (oxygen) to the pile. After a relatively short heating 
period, the auto-ignition temperature of the contaminant near the bottom of the pile is 
reached and begins to smoulder. At this point, the heating elements are turned off, but air 
is continuously delivered to the bottom of the soil pile through the engineered base, 




Figure 3-2: Simplified process flow diagram (PFD) of the Hottpad concept showing 
(1) process injection air blowers; (2) individual process air lines; (3) off-gases being 
emitted from the top of the soil pile; (4) ambient dilution air entering through the 
edges of the unsealed vapour cover; (5) extracted vapours (Stream 3 + 4) collected 
under vacuum from multiple points within the Hottpad; (6) combined extracted 
vapours conveyed under vacuum to monitoring and treatment equipment. 
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The goal of this research was to assess the STARx Hottpad concept to treat petroleum 
sludges and impacted soils.  First, a prototype unit was developed to determine treatment 
feasibility and basic operating parameters. Five prototype tests were completed varying 
pile shape, height, sludge content and type, soil type, and air flux. Once prototype testing 
was complete, a large-scale field demonstration was designed and evaluated through 
seven tests. Altogether, this work demonstrated the feasibility of the Hottpad and 
evaluated the major operating conditions (e.g., peak temperatures, cycle times, emissions 
loading, remediation efficiency) at a representative field scale.   
3.2 Sludge Characteristics 
Between the prototype tests (P1 to P5) and field-scale tests (FS1 to FS7) four different 
types of petroleum sludge were used (Table 3-1).  The sludge used in Tests P1, P2, P4, 
and P5 was unrefined crude that settled to the bottom of storage tanks obtained from a 
storage facility in Ontario; this is referred to as  “Heavy Crude Tank Bottoms” sludge in 
Table 3-1. Analyses indicated a composition of approximately 94% oil (hydrocarbon 
molecules primarily between C7-C42), 3.5% water, and 2.5% solids. This sludge was 
largely immobile at room temperature and required heating above 50°C for mixing with 
sand or site soils. In contrast, Test P3 used a “Weathered Lagoon Sludge” that contained 
only 15% oil and had high percentages of water (30%) and solids (55%); however, 
thermogravimetric analysis (TGA) suggested that approximately 70% of the solids may 
have been combustible. This sludge exhibited low viscosity but contained concentrated 
clumps of oil that resulted in a heterogeneous distribution when mixing with the sand or 
soils. 
The sludges used for field-scale testing were associated with stormwater runoff from 
decommissioned crude storage tanks stored in open air ponds at the subject site. Tests 
FS1 through FS4 used “Surge Pond Sludge” taken from a pond that fed the primary oil-
water separator.  Tests FS5 through FS7 used “Secondary Separator Sludge” collected 
from the bottom of a secondary separator. Both sludges differed significantly from the 
tank bottoms used in prototype testing (see Table 3-1), including being weathered and 
thus contained negligible light end (<C9) hydrocarbons.  
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Several challenges existed with characterizing the contaminant composition of the 
sludges.  Typically, this is accomplished by a total petroleum hydrocarbon (TPH) 
analysis of the sludge itself and the sludge after mixing with soil.  First, the TPH content 
was highly variable between otherwise identical subsamples, as shown by the high 
standard deviations of sample TPH fractions in Table 3-1. While the sludge appeared 
visually uniform during excavation from the ponds, its chemical makeup was clearly 
heterogeneous. Second, the methodology required that sludge and soil were mixed 
together at specific volume ratios (detailed later). However, some tests with similar 
volume ratios had very different average TPH concentrations (Table 3-1). Hence, it was 
important to collect representative soil samples of the mixed treatment material for TPH 
analysis to estimate the total contaminant load. 
Third, TPH analysis, when used to consider total contaminant load, must include all 
hydrocarbon fractions. This was the case for the analysis of “Heavy Crude Tank 
Bottoms” and “Weathered Lagoon Sludge” used during prototype testing via method 
CAM SOP 00316, which includes C6-C50 plus gravimetric analysis for hydrocarbons 
>C50 (see Table 3-1).  However, due to limitations of the laboratories available locally to 
the field site (in Southeast Asia), TPH analyses completed on the sludge and mixed 
material in Tests FS1 through FS4 were only analyzed for C6-C36 hydrocarbons via 
method USEPA 8015B. Therefore, the total contaminant concentration for these tests is 
not known directly. For Test FS5 through FS7, an additional analysis for “oil & grease”, 
via method APHA 5520E, was completed for the Secondary Separator Sludge and all 
sludge and soil mixed materials. The method used for “oil & grease” includes a 
gravimetric measure and was developed specifically for petroleum sludges. When 
discussing the total contaminant concentrations of Tests FS5 – FS7, the “oil & grease” 
result is used.  When discussing the total contaminant concentrations of Tests FS1 – FS4, 
this is not possible.  Therefore, an “estimated total concentration” was calculated for 
these tests as the measured C6-C36 TPH of these sludges multiplied by 1.3, which is the 
measured ratio of “oil and grease” to C6-C36 TPH of the Secondary Separator Sludge 
(average from Tests FS5 and FS7). 
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Table 3-1: Sludge Analytical Summary 
 
3.3 Prototype Testing Program 
3.3.1 Prototype Methodology 
The Hottpad prototype was constructed and tested at the Gudgeon Thermfire 
International, Inc. facility in London, ON. The Hottpad prototype was a 3m x 3m metal 
base with 0.45m high side walls and a 1.5 x 1.5m square central air and heating plenum, 
shown in Figure 3-3.  The central air and heating plenum (Figure 3-2(a-1)) was the active 
treatment area while the skirt around this area was used primarily for containment of the 




Average StdDev Average StdDev Average StdDev
Density @ 15ºC (kg/m3) 850 892 945 --
Water Content (%vol) 3.2 28 2.3 45 --
Sediment Content (%vol) 2.8 53 3.9 22 --
Oil Content (%) [calculated: 100% - water - solids] 94 19 1.7 33 --
Non-combustible solids fraction (from TGA) (wt%) 0.7 18.2 18.87 --
Moisture Content (%) 35 6.4 47 79.3 4.9
TPH Fractions (mg/kg)
TPH C6-C9 72 000 5 500 1 513 <17.8 NA  36  43
TPH C10-C14 140 000 87 000 8 718  410  152 20 450 9 492
TPH C16-C34 (TPH C15-C28) 290 000 106 000 12 166 39 575 15 195 132 784 55 009
TPH C34-C50+ (TPH C29-C36) 140 000 16 333 1 155 14 840 5 425 20 315 9 734
Sum of TPH C 6 -C 36
1 (mg/kg) -- -- -- 54 825 20 647 170 915 70 395
Sum of TPH C 6 -C 50+
2 (mg/kg) 642 000 214 833 19 458 -- -- -- --
Oil & Grease3 (mg/kg) -- -- -- -- -- 1 168 750 255 084
Notes:
TPH - total petroleum hydrocarbons
TGA - thermogravimetric analysis 
StdDev - sample standard deviation
1 - TPH content for Surge Pond and Secondary Separator Sludges measured by USAEPA8015B
2 - TPH content for Tank Bottoms and Lagoon Sludge measured by CAM SOP-00316







(3 Samples) (8 Samples) (10 Samples)
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Figure 3-3: Hottpad prototype assembly with (a-1) the radiative heating elements 
and process air pipe, (a-2) the empty Hottpad, (b) the treatment material pile, (c) 
the pile covered with cap sand, and (d) the Hottpad enclosed within the vapour 
cover. 
For each test, the prototype Hottpad was loaded with “treatment material” in the desired 







with contaminant (sludge).  Mixing was conducted with an industrial mixer until the 
material appeared uniform.  A 0.3m thick layer of clean sand was placed over the 
treatment material to insulate and reduce volatilization. Thermocouple bundles, which 
terminated at various heights within the pile, were embedded to monitor soil 
temperatures.  A vapour extraction pipe was positioned horizontally above the pile and 
the pipe and the entire prototype box was covered with a flame resistance tarp, as shown 
in Figure 3-3(c) and (d). 
Tests P1 through P5 were conducted over a wide range of parameters to test if 
smouldering was sustainable in soil piles. Various pile shapes, types of sludge and soils, 
soil to sludge ratios, and process air fluxes (Table 3-2) were used in multiple 
combinations as proof-of-concept trials for the technology; these tests were not meant to 
systematically assess the behaviour soil pile smouldering but rather to show that it 
worked.  Three different soils and two different sludges were tested.  Tests P1 and P2 
used homogeneous silica sand (0.95 mm dia., Opta Minerals), which was well known to 
support smouldering in laboratory tests, and an “ideal” (unweathered, low water and 
solids content) fuel (Heavy Crude Tank Bottoms).  Test P3 used a site soil that exhibited 
grains from 0.0016 to 4.75mm diameter and various mineralogies such as quartz, calcite, 
and kaolinite (see measured grain size distribution for each test in Appendix 2) to test 
smouldering in heterogenous materials.  Tests P4 and P5 used the same site soil but with 
added fine grain particles (finer than 0.1mm diameter, screened from previously treated 
soil) added to challenge the technology since air flow is critical to smouldering and 
heterogeneity and poor pneumatic permeability may inhibit uniform smouldering 
(Scholes et al., 2015). It is noted that Test P4 did not experience self-sustaining 
smouldering due to preferential pathway formation through the fine-grained soils and 
thus was deemed an unsuccessful test. However, Test P5 repeated Test P4 but with a 
lower air flux to reduce or eliminate preferential pathway formation and did experience 
successful treatment.  
Soil to sludge volume ratios varied from 3.9:1 (Test P3) to 8:1 (Test P4).  Due to the 
change in contaminant types and concentrations, total petroleum hydrocarbon (TPH) 
values varied from 44 700 milligrams per kilogram (mg/kg) (Test P1) to 115 000 mg/kg 
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(Test P5) (Table 3-2).  Pile heights were typically 0.3m, except for Test P2 which was 
0.6m.  Soil moisture content varied from 6.2% (Test P4) to 16.5% (Test P3) (Table 3-2), 
largely due to the water content variability of the different sludges.  The changes between 
tests were not systematic as the intention of these tests was to push the technology 
concept to more challenging and representative conditions for field applications.  Note 
that convective ignition (using injection of hot air from time zero) from the plenum was 
employed for Test P1, while Tests P2 through P5 employed radiative ignition (radiative 
heating elements inside the plenum) simultaneously with air injection. The choice of 
ignition method is not expected to affect the smouldering or remediation results but does 
impact the time and energy required to initiate the process. 
The treatment process was initiated by turning on the heating elements and injecting 
“process air” (ambient air delivered to the Hottpad by an air compressor) through the 
plenum at the desired flow rate.  Flow rate was reported as an equivalent air flux, the 
superficial gas or Darcy velocity, (Table 3-2) in cm/s, which is the velocity that the air 
would have in an open vertical pipe with a cross-sectional area equal to the plenum 
surface (i.e., neglecting the effective porosity of the soil). The auto-ignition temperature 
for the smouldering of petroleum hydrocarbons is generally 250 – 350°C, and the heating 
elements were typically 380°C.  The onset of smouldering was determined as the time 
when the thermocouples in the first few centimeters of the pile exceeded 380°C. The 
heating elements were turned off after the combustion front (defined by the peak 
temperature recorded at a thermocouple) propagated to approximately 0.1m.  Beyond this 
time the reaction could progress in a self-sustaining manner (i.e., through process air 
delivery only).  
A simplified reaction for smouldering is: 
Hydrocarbon + O2  CO2 + CO + THC + H2O + Energy    (1)  
Where oxygen (O2) reacts with the hydrocarbons of the sludge to produce carbon dioxide 
(CO2), carbon monoxide (CO), water vapour (H2O), and energy (heat), while the air and 
the heat can also produce volatilized compounds represented as total hydrocarbons 
(THC). Off-gases were collected through the extraction pipe above the pile and 
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monitored for CO, CO2, methane (CH4), and THC on 1-minute averages using a 
continuous emissions monitoring system (CEMS) and flame ionization detector (FID).  
The presence of CO2 above ambient concentrations confirms that smouldering 
combustion is occurring.  Measured CO and CO2 concentrations were converted to 
equivalent masses of combusted hydrocarbons, quantifying the mass destroyed during 
treatment (see method in Appendix 1).  Measured THC concentrations (propane 
equivalents) were converted to propane mass, quantifying the mass removed during 
treatment (see method in Appendix 1). The mass destroyed and mass removed combined 
to the total mass loss during treatment, which was compared to the initial mass of 
contaminant in the soil pile to assess the overall level of treatment.  This method of 
estimating the real-time mass loss rate and the cumulative mass loss was validated in 
large reactor tests; the reactor sat on a set of four load cells and real time mass loss rates 
were shown to match with emissions-calculated mass loss rates, while total mass loss 
matched the original amount of contaminant added (see details in Appendix 1). 
When the reaction reached the top of the treatment material, it naturally terminated, and 
temperatures recorded within the pile and combustion gas concentrations within the 
collected emissions declined. Process air continued to be delivered to assist with cooling 
the pile below a safe working temperature for excavation. The vapour cover and 
extraction pipe were then removed, and the pile was excavated in lifts (photos presented 
in Appendix 2), approximately 0.15m thick, to assess the extent of treatment both 
spatially and with height. Soil samples were collected at various locations (visually 
treated/clean material, visually untreated or wet material, and composites of both) and 
analyzed for TPH fractions (F1-F4) and moisture by Maxxam Analytics using method 
CAM SOP-00316 and CAM SOP-00445, respectively. Treated soil was typically reused 
for subsequent blending and testing. 
3.3.2 Prototype Results 
Table 3-2 presents a summary the prototype tests, including all the input parameters and 
the primary measured outputs.  All the tests were successful except P4 (discussed below).  
Figure 3-4, showing the pre- and post-test soil TPH results, reveals that when self-
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sustained smouldering was achieved (P1, P2, P3, P5), the treated soil was below or very 
near non-detect levels of contamination.   
Table 3-2: Prototype Testing Summary
Average StdDev Average StdDev Average StdDev Average StdDev Average StdDev
Test Input Parameters
Volume of Soil (m3) 1.3 0.68 0.35 0.4 1.02
Volume of Sludge (m3) 0.18 0.09 0.09 0.05 0.13
Soil to Fuel Volume Ratio 7.2:1 7.5:1 3.9:1 8:1 7.8:1
Treatment Material Pile Height (m) 0.3 0.6 0.3 0.3 0.3
Moisture Content of Treatment Material (%) NA NA 16.5 6.2 6.5
TPH of Treatment Material (mg/kg)1 44 7002 52 3002 48 500 63 000 115 000
Process Air Flow (scfm) 70 65 50 69 13 50
Darcy Flux (cm/s) 1.5 1.4 1.0 1.4 1.0
Test Output Conditions
TPH of Treated Material (mg/kg) <50 <100 <120 7,082 <120
Extraction Duct Temp (ºC) 31 2.9 29 2.3 22 1.4 25 1 26 7
Extraction Vacuum (inH2O) -2.2 1.9 -8.1 0.7 -3.1 0.9 -3.7 0.6 -2 0.4
Extraction Pipe Flowrate (cfm) 454 149 514 182 117 36 150 44 218 21
Dilution Factor (Extraction/Process) 6.5 7.9 2.3 2.2 4.4
Cummulative Condensate (L) 1.8 0 47 0 19
Maximum Peak Temperature (ºC) 664 629 522 486 617
Emissions Data (Corrected for Dilution) Average Range Average Range Average Range Average Range Average Range
CO2 (%vol) 2.0 0 - 15.7 0.75 0 - 10.8 1.0 0 - 5.6 0.3 0.1 - 1.8 1.6 0.2 - 7.7
CO (ppm) 8 302 2.7 - 42 517 3 957 0 - 43 501 1 091 0 - 5 721  220 6 - 3 989 2 510 0 - 13 233
CH4 (ppm)  980 104 - 6 037  762 132 - 4 953  155 8 - 2 017  83 25 - 267  619 86 - 2 225
THC (ppm CH4) 36 509 7 086 - 122 141 31 873 2 446 - 120 712 5 550 70 - 20 717 2 078 37 - 9 987 19 364 285 - 77 244
General Performance Parameters
Operational Time (hr) [Process air on] 30 30.6 49.5 69 49.5
Smouldering Time (hr) [Based on CEMS]3 25.5 28.5 35 484 40.2
Sludge Destruction Rate (m3/day) 0.2 0.08 0.06 --4 0.08
Breakthrough Time (days) 0.2 1.0 0.6 --4 0.5
Breakthrough Time / Smouldering Time 0.2 0.8 0.4 --4 0.3
Mass Lost at Time of Breakthrough (%) 25 90 25 --4 55
Total Sludge Mass Lost (%) 82 100 54 55 90
Sludge Mass Destroyed (%) 30 30 33 33 41
Sludge Mass Removed (%) 52 70 21 22 49
Front Propagation Velocities (m/day)
0 - 0.025m 0.73 0.86 0.57 0.12 1.03
0.025 - 0.05m 3.6 0.73 0.47 3.6 0.86
0.05 - 0.1m 1.8 3.1 1.7 0.14 1.3
0.1 - 0.15m 1.9 1 0.7 0.14 0.6
0.15 - 0.2m 1.6 1.9 0.5 --4 0.4
0.2 - 0.3m 1.5 3.3 0.3 --4 0.5
0.3 - 0.4m -- 1.5 -- -- --
0.4 - 0.6m -- 0.25 -- -- --
Overall Front Velocity: 0 to top 1.6 0.6 0.5 --4 0.6
Notes:
TPH - total petroleum hydrocarbons1
TB - crude oil tank bottoms
Site - actual site soils and/or weathered sludge
THC - total hydrocarbons
CH4 - methane
CO2 - carbon dioxide
CO - carbon monoxide
CEMS - continuous emissions monitoring system
FID - flame ionization detector
1 - TPH content measured by CAM SOP-00316; includes C6-C50 hydrocarbons plus gravimetric analysis for heavier hydrocarbons if baseline is not reached at C50; 
     is considered as representative fuel content for smouldering
2 - no pre-test soil samples were collected or analyzed for TPH; associated number is estimated using similar soil:sludge volume ratios
3 - Smouldering time calculated based on CO emission rates and by extrapolating mass removal trends
4 - Test P4 showed strong ignition but no sustained smouldering with heaters off (test was not successful); heaters were left on to redmediate the pile, 
      therefore time is considered "treatment time", not "smouldering time".
0.95 Silica + TB
Test P1
0.95 Silica + TB Site Soil + Site Sludge
Test P3 Test P4 Test P5




Figure 3-4: Prototype pre- and post-test soil TPH results from composite samples of 
the soil pile. Filled circles represent detected results above laboratory detection 
limits, while open circles represent non-detects (value is laboratory detection limit). 
Propagation velocities of the smouldering front were measured using the arrival times of 
the front at the various vertical thermocouples embedded in the pile. Figure 3-5 shows the 
variability of the propagation velocity throughout the pile and may indicate that the 
smouldering velocity decreases with height as air velocity likely decreases locally with 
height.  
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Figure 3-5: Prototype smouldering front propagation velocities at various heights in 
the pile.  
Test P2 is considered a representative example for the prototype tests. Figure 3-6 shows 
the thermocouple temperature profile through the center of the pile during this test. The 
steep ignition curves and consistent peak temperatures indicate a strong self-sustaining 
reaction after the heaters were turned off. An average peak temperature of 536°C was 
observed, which is typical for crude oil (Pironi et al., 2011).  
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Figure 3-6: Test P2 temperature profile from the center of the soil pile (E Bundle) 
showing self-sustaining smouldering. 
Test P2 used 6 radiative heating elements (Figure 3-2(a-1)) installed directly into the air 
plenum for ignition, compared to Test P1 which used an external convective inline heater 
on the injection air piping. Internal modeling done by Savron showed that radiation 
dominated heat transfer to the Hottpad gratings, which then conductively heated the soil 
and contaminant. Ignition occurred in Test P2 after approximately 220 minutes (min) and 
required only 66 kilowatt hours (kWh) of electricity, compared to 600min and 360kWh 
for Test P1. Thus, radiative heaters were used for ignition of the remaining prototype 
tests and selected as the heating source for the field-scale system. 
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Figure 3-7 shows the carbon-bearing emissions for Test P2.  The figure further shows 
that the conversion of these into cumulative mass loss (see Section 3.3.1) means the 
treatment removed an estimated 94% of the contaminant (Heavy Crude Tank Bottoms) 
mass blended into the soil (Figure 3-7, red line, right axis). This value is conservative 
since it does not account for the mass of water vapour removed. The success of the 
treatment was supported by post-test soil TPH below the detection limit (Figure 3-4). 
Figure 3-7: Test P2 hydrocarbon mass removal for crude oil tank bottoms (~77 
kilograms [kg] of tank bottoms treated at an air flux of 1.4cm/s). 
Figure 3-7 also reveals several important trends in real-time mass destruction (CO and 
CO2), mass removal (THC), and mass loss rates (left axis).  First, it is observed that a 
peak in THC occurred before the smouldering reaction ignited (i.e., time = 0), attributable 
to light hydrocarbons being volatized from the soil pile after process air was initiated (t = 
-100min); this is similar to soil air sparging. In Test P2, which used Heavy Crude Tank
Bottoms as fuel, approximately 11% (8.4kg) of the mass was removed before combustion
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began.   In comparison, the initial volatilized mass before ignition was only 0.3% (2.4kg) 
when Weathered Lagoon Sludge was used in Test P3.  This is consistent with 
expectations based on the light hydrocarbon faction (<C9) of the sludge types presented 
in Table 3-1. 
Figure 3-7 further reveals that mass removal rates increased significantly once robust 
smouldering was achieved and heavier hydrocarbons were being destroyed and converted 
to CO and CO2. A peak mass loss rate of 0.33 kilogram per minute (kg/min) was 
observed at approximately time = 150min and corresponds well with the peak 
temperatures observed at heights 0.025 and 0.05m, shown in Figure 3-6 (approximately 
350min after heating began). Mass loss during active smouldering accounted for 
approximately 83% (63.5kg) of the contaminant mass added to Test P2, of which 
approximately 72% (45.5kg) was mass removed as volatilized unburnt hydrocarbons; this 
suggests that the smouldering reaction was inefficient but still effective (successful) at 
remediating the soil. This can be seen in the relative removal rates of Figure 3-7 between 
THC, CO2, and CO, particularly after the peak mass loss rate (time = 150min).    
A summary of all prototype testing data, including thermocouple profiles, mass removal 
curves, and photos are presented in Appendix 2. All 5 tests experienced strong ignition 
events, with 4 of the 5 showing propagation of the smouldering front through the entire 
pile. Treatment was successful with wide grain size distributions and site soils at air 
fluxes of approximately 1.0cm/s (Tests P3 and P5). Preferential air channeling was 
observed at air fluxes of approximately 1.5cm/s in heterogenous soils (Test P4), 
hindering the propagation of the smouldering front throughout the pile. Repeating this 
test with a reduced air flux of 1.0cm/s allowed successful treatment despite the 
heterogeneous soil (Test P5).   
The prototype Hottpad testing program proved that self-sustained smouldering could be 
achieved in soil piles, resulting in remediated soils with TPH concentrations below 
detectable levels. While the prototype tests were not meant as a systematic assessment of 
smouldering behaviour in the Hottpad, several important factors were revealed: (1) 
radiative heaters were recommended for use in field-scale designs; (2) operating at air 
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fluxes of approximately 1.0cm/s was effective, especially for heterogenous soils; and (3) 
monitoring combustion gases continuously for CO, CO2, and THC was shown to provide 
reliable approximations of real-time mass removal rates and cumulative (total) 
contaminant mass loss from the soil pile.  
3.4 Field-Scale Testing 
3.4.1 Field-Scale Methodology 
The field-scale Hottpad evaluation site was at a former oil refinery in Southeast Asia. The 
system was designed to treat approximately 3 500m3 of weathered oily waste (sludge) 
contained in a surge pond, generated from on-site oil-water separation of stormwater 
runoff from decommissioned crude storage tanks, referred to as Surge Pond Sludge and 
Secondary Separator Sludge in Table 3-1. 
The field-scale Hottpad concept was designed by Savron and fabricated by Gudgeon 
Thermfire as completely new system for applying smouldering in a porous media at a 
large scale. It was very similar to the prototype except as described below.  A network of 
six larger Hottpad modules (two adjacent rows of three pads, each 2.8m by 4.65m), was 
constructed creating a total surface area of 8.4m by 9.3m (78 square meters [m2]) to treat 
up to 2m high piles of material. Each module contained air distribution piping and 
radiative ignition heaters under a permeable trafficable surface of bar grating and fine 
mesh.  The final construction is shown in Figure 3-8.  
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Figure 3-8: Network of six Hottpad modules arranged to create the 8.4m by 9.3m 
Field-Scale treatment system.  
Seven field-scale tests (Tests FS1 through FS7) were completed with this system. For 
Tests FS1 through FS4, site soils were used to create approximately 1.5m high berm 
walls around three sides of the Hottpads (Figure 3-9) to contain the treatment material. 
For these tests, a perforated extraction pipe was lain across the top of the pile and covered 
with a heat and chemical resistant tarp for vapour capture. For Tests FS5 through FS7, 
improvements to the Hottpad were made by replacing the earthen berms with 3m high 
vertical steel walls and a retractable cover system (Figure 3-10). 
Though not discussed as part of this work, emissions treatment technologies for the off-
gases included granular activated carbon (GAC), ultraviolet (UV) catalyzation, and wet 
scrubbing.  









Figure 3-9: Field-scale Hottpad with soil berm walls on three sides used for Tests 
FS1 through FS4. 
As in the latter prototype tests, radiative heaters were used for ignition.  In Test FS1, 
simultaneous ignition of all 6 Hottpads was employed (Table 3-3).  For Tests FS2 to FS7, 
a sequential ignition protocol was implemented: pairs of Hottpads were ignited in order 
to stagger the heating cycles until the entire base of the pile was smouldering. The intent 
of the staggered ignition procedure was to reduce the peak power demand of the system 
thus reducing the electrical infrastructure necessary to run the equipment. This meant that 
material above the first set of pads (e.g., Pads 1 & 6) could be smouldering while material 
above the last pair of pads (e.g., Pads 2 & 5) could still be at ambient temperatures. 
Details regarding the sequence of ignitions for each test are presented in Appendix 3.  
Extraction pipe (connected to 
perforated pipe over top of pile) 
Horizontal thermocouple 
bundles used for Test FS1 
through FS4 
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Figure 3-10: Field-scale Hottpad with vertical steel walls and retractable cover used 
for Test FS5 through FS7. 
Sludge was blended with S-1 aggregate (the most cost effective, course, and readily 
available option near the site)  or site soils. The S-1 aggregate was sieved material from a 
local quarry with greater than 70% of the particles having a grain size between 0.85 and 
4.75mm. Trace amounts of heavy metals and organic carbon were observed in the 
aggregate, but it was considered clean and inert media. Site soils were taken from shallow 
excavations less than 1m deep from an area close to the Hottpads. Grain sizes between 
0.25 and 4.75mm accounted for approximately 85% of the soil, however larger rocks and 
debris (garbage) were observed in the soil. No significant amounts of heavy metals were 
present in the site soils, but organic content averaged 25 000mg/kg. Mixing and loading 
of material on to the Hottpads, as well as  removal, was done by an excavator. The cap 
material, “clean” S-1 aggregate with no added sludge, was also placed by an excavator 
and was combined with the treated material during post-test removal. Figure 3-8 shows 
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the Hottpad arrangement and a basic process flow diagram for the system is provided in 
Appendix 1.  
Process air was supplied to the Hottpads by two centrifugal blowers; one blower for each 
set of 3 pads. The entire system, including blowers, flow meters, valves, emissions 
collection, etc., was controlled and monitored via a programmable logic controller (PLC).  
In all cases, the CEMS (CO2, CO, O2, SO2, and NO2) and FID (THC as propane) sampled 
raw gases collected from the soil pile, before any emissions treatment was performed. 
Emissions treatment was intended to remove nuisance odours only and consisted 
primarily of a simple aerosol knockout tank and a granular activated carbon (GAC) 
vessel. The focus of this discussion will be on the raw gases produced by STARx and not 
on the effectiveness of any emissions treatment technologies. The FID was used to 
monitor unburnt hydrocarbons, which can be emitted from various mechanisms, mainly: 
(1) volatilization of light hydrocarbons transferred to the gas phase by the process air
passing through the soil pores, similar to air sparging; and (2) cracking of longer chain
hydrocarbons during the pyrolysis step. This data can be useful for determining the
efficiency and effectiveness of the smouldering reaction. Calculated soil TPH
concentrations were derived from CEMS and FID data using the method described in
Appendix 1 and were used to correct for missing or suspect measured soil TPH data in
Tests FS3, FS4, and FS7.
During Tests FS1 to FS4, horizontal thermocouple probes were laid across the surface of 
the pads and at various heights during loading. For Tests FS5 to FS7, vertical 
thermocouple bundles were used, as shown in Figure 3-11. All electrical power for the 
field demonstration was provided by diesel generators. Test summaries can be found in 
Appendix 3. 
Post-test excavation of the pile involved scraping soil from the top in lifts using the 
excavator. This process was done slowly to observe the level of treatment and delineate 
any areas of untreated or partially treated material. All material was stockpiled for reuse 
in subsequent tests.  
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Figure 3-11: Loaded soil pile during Test FS7 shows vertical thermocouple probes 
protruding from the top of the pile and the soil extending out in front of the pads. 
To compare tests, a normalized smouldering time was used, calculated using the methods 
in Appendix 1, which represents only the time active smouldering occurred within the 
soil pile. A normalized smouldering time of 0 corresponds to ignition (i.e., appearance of 
combustion gas) and a time of 1 to when combustion ceases. This removes 
inconsistencies in ignition and cooling times and allows for meaningful comparison 
between peak emissions concentrations, mass loss rates, and arrival times of the 
smouldering front at the top of the treatment material (i.e., breakthrough time).   
3.4.2 Field-Scale Testing Program 
Four tests were completed in 2016 using Surge Pond Sludge. After evaluating operating 
conditions and procedures, modifications to the system (i.e., vertical steel walls and 
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retractable cover system) were completed in 2017 and 3 more tests were run in early 
2018 utilizing a combination of Surge Pond Sludge and Secondary Separator Sludge. 
Table 3-3 summarizes the seven field-scale tests completed. Test FS1 was a “proof of 
ignition” commissioning test with a pile height of only 0.3m and is omitted from 
comparing smouldering behaviour at large scales due to the short pile height; the short 
pile height (low back pressure) to large surface (heating) area likely caused the entire 
volume to ignite and smoulder simultaneously. Tests FS2 and FS3 were 1m high tests 
using the homogeneous S-1 aggregate. Test FS4 used heterogeneous site soil piled to 1m 
high. Tests FS5 to FS7 used S-1 aggregate in 2m piles with varying contaminant 
concentrations. Tests FS2 through FS7 all used air fluxes of approximately 1cm/s and 
were ignited using the sequential ignition method. Test FS4 did not experience ignition 
across the entire base of the soil pile due to heater issues (see test summary in Appendix 
3), and only soil over Pads 2 & 5 (the middle pads) experienced sustained smouldering 
and treatment. Therefore, Test FS4 is omitted from comparative analyses as large 
amounts of untreated sludge remained over Pads 1 & 6 and 3 & 4.    
Similar to the prototype testing program, pre- and post-test soil samples were collected 
and analyzed for TPH content. The pre-test samples were used to compare contaminant 
distribution and estimate the level of treatment as determined by mass loss calculations 
from the CEMS and FID data. The post-test soil samples of visually treated material were 
collected from various locations throughout the soil pile during excavation and were used 
to confirm treatment. If areas of visually dark and/or wet post-test material were 
observed, samples were also collected and analyzed to provide direct estimates of 
fraction removed.  Pre- and post-test metals in soil samples were also collected and 
analyzed for select Tests; these are presented in Appendix 3. 
Table 3-3: Field-scale Testing Summary
Treatment Material Soil and Sludge Type
Wall Type
Ignition Protocol
Average StdDev Average StdDev Average StdDev Average StdDev Average StdDev Average StdDev Average StdDev
Test Input Parameters
Volume of Soil (m3) 35 144 135 135 160 160 180
Volume of Sludge (m3) 11.5 32 19.5 19.5 30 40 46
Soil to Fuel Volume Ratio 3:1 4.5:1 7:1 7:1 5.3:1 4:1 4:1
Treatment Material Pile Height (m) 0.3 1.0 1.0 1.0 2.0 2.0 2.0
Moisture Content of Treatment Material (%) 46.9 12.3 NA 18.5 1.4 6.4 9.7 2.7 7.9 1.1
TPH (C6-C36) of Treatment Material (mg/kg)
1 35 506 14 674 NA 5 477 2 358 3 882 1 094 7 067  940 3 052  415
Oil & Grease of Treatment Material (mg/kg)2 NA NA NA NA 4 870 1 339 25 016 25 403 4 020  457
Process Air Flow (cfm) 2 565  79 1 971  401 1 669  22 1 644  48 1 507  279 1 680  34 1 666  95
Darcy Flux (cm/s) 1.6 1.2 1.0 1.0 0.9 1.0 1.0
Test Output Conditions
TPH of Treated Material (mg/kg) <100 <100 <100 <100 <10 <100 <10
Oil & Grease of Treated Material (mg/kg) NA NA NA NA <10 <100 <10
Extraction Duct Temp (ºC) NA 49 11 52 14 51 13 39 5 53 12 41 6.8
Extraction Vacuum (inH2O) -11 1.7 -11.4 4.8 -11 4.7 -3 0.5 -20 6.6 -24 3.6 -28 2.9
Extraction Pipe Flowrate (cfm) 3 164  155 3 230  878 3 395  855 1 220  111 1 998  338 2 100  138 1 900  155
Dilution Factor (Extraction/Process) 1.2 1.6 2.0 0.7 1.3 1.3 1.1
Cummulative Condensate (L) NA NA NA NA 2 000 4 000 5 000
Maximum Peak Temperature (ºC) 669 664 685 524 521 600 583
Emissions Data (Corrected for Dilution) Average Range Average Range Average Range Average Range Average Range Average Range Average Range
CO2 (%vol) 0.41 0 - 1.34 0.76 0 - 1.84 1.9 0.1 - 3.9 0.39 0 - 1.1 0.51 0 - 1.3 1.8 0.1 - 7.3 0.61 0 - 2
CO (ppm) 307 0 - 1 641 650 0 - 2 327 2 884 4 - 6 089 353 0 - 1 079 1 087 0 - 2 754 3 236 1.3 - 10 819 1 218 2 - 4 231
NO (ppm) 0.6 0 - 4.5 0.11 0 - 4.7 1.4 0 - 3.8 0.3 0 - 1.35 0.3 0 - 1.5 1.9 0 - 9.5 0.71 0 - 3.1
SO2 (ppm) 3.1 0 - 13 10 0 - 66 22.4 0 - 94 3.4 0 - 11 8.7 0 - 19.8 32 3.6 - 98 18 7.1 - 37
THC via FID (ppm as C3H8) 151 0 - 774 670 0 - 2 100 1 207 25 - 2 231 158 1 - 420 151 0 - 328 667 0 - 2 268 279 47 - 751
Minimum O2 (%vol)
3 15.6 12.1 9.2 19.9 15.8 9.7 16.5
General Performance Parameters
Operational Time (hr) [Process air on] 27 143 74 119 189 152 188
Smouldering Time (hr) [Based on CEMS]4 24 100 97 98 186 133 169
Peak Power Demand (kW) 540 380 390 70 164 195 203
Cummulative Energy Consumption (kWhr) 6 200 13 000 11 000 3 700 12 500 15 100 13 450
Sludge Destruction Rate (m3/day) 11 7.7 4.8 4.8 3.9 7.2 6.6
Breakthrough Time (days) NA 2.5 1.6 NA 4.6 3.2 5.0
Breakthrough Time / Smouldering Time NA 0.6 0.4 NA 0.6 0.6 0.7
Mass Lost at Time of Breakthrough (%) NA 475 60 NA 80 77 84
Total Sludge Mass Lost (%) 12 665 100 386 94 98 92
Sludge Mass Destroyed (%) 11 515 84 346 85 88 83
Sludge Mass Removed (%) 1 155 16 46 9 10 9
Front Propagation Velocities (m/day)
0 - 0.25m NA 0.3 1.5 NA 0.7 3.2 1.3
0.25 - 0.5m -- 0.3 0.6 NA 0.3 2.6 0.6
0.5 - 1.0m (top of fuel layer Tests FS2-FS4) -- 0.7 0.5 NA -- -- --
0.5 - 1.5m -- -- -- -- 0.3 1.8 0.5
1.5 - 2.0m (top of fuel layer Tests FS5-FS7) -- -- -- -- 0.9 0.2 0.2
Overall Front Velocity: 0m to top NA 0.4 0.6 NA 0.4 0.6 0.4
Notes:
NA - not available
S-1 - locally quarried aggregate
SP Sludge - surge pond sludge
SS Sludge - secondary separator sludge
FID - flame ionization detector
THC - total hydrocarbons
CEMS - continuous emissions monitoring system
CO2 - carbon dioxide
CO - carbon monoxide
NO - nitrogen oxide
SO2 - suflur dioxide
O2 - atmospheric oxygen
StdDev - sample standard deviation
1 - TPH content measured by USAEPA8015B; only considers C6-C36 hydrocarbons (no gravimetric analysis for heavier hydrocarbons) and is not 
     considered representative of total fuel content.
2 - Oil & Grease neasured by APHA5520E; includes gravimetric analysis for heavy hydrocarbons and is consider more representative of total fuel content
3 - Due to dilution of the exhaust stream with ambient air, O2 averages and ranges are difficult to estimate. However, minimum recoreded O2 concentration
     was corrected for dilution to estimate minimum O2 leaving the pile.
4 - Smouldering time calculated based on CO emission rates and by extrapolating mass removal trends
5 - Due to the hole in the vapour capture system mass loss calculations are underestimated
6 - Due to heater issues only treatment material above the two central Hottpad modules ignited and experienced sustained smouldering (approximately 1/3 of the total pile volume)
Test FS3 Test FS6 Test FS7Test FS4 Test FS5Test FS2
S-1 + SP Sludge
Test FS1
S-1 + SS SludgeS-1 + SP Sludge S-1 + SP/SS SludgeS-1 + SP Sludge Site Soil + SP SludgeS-1 + SP Sludge
Sequential
Earthen Berms Earthen Berms Earthen Berms Earthen Berms Steel Walls
Simultaneous Sequential Sequential Sequential Sequential




3.4.3 Field-Scale Results 
All seven field-scale tests successfully ignited and self-sustained smouldering was 
observed in all tests.  Post-test soil samples returned non-detect TPH concentrations from 
areas where smouldering temperature profiles were observed, as shown in Figure 3-12.  
In most tests, the entire pile experienced smouldering and was fully remediated leaving 
visually treated soils (Figure 3-13), with the exceptions of Tests FS1 and FS4 which only 
smouldered in distinct pockets of the soil pile as discussed in Section 3.4.2 and Appendix 
3.  
 
Figure 3-12: Field-scale testing pre- and post-test soil TPH values from composite 
samples from the soil pile. Filled circles represent detected results, whereas open 
circles represent non-detects (value is laboratory reporting limit). 
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Figure 3-13: (a) Pre-test material before treatment is visually dark and oily while (b) 
post-test material is visually clean and dry. 
The following discussion explores some key results and lessons learned from the field-




destruction, and combustion gas profiles. Analysis of all field-scale tests focus on 
differences in performance: (1) between field-scale and prototype scales, (2) as a function 
of pile height, and (3) as a function contaminant concentration.  Performance differences 
considered include general smouldering behaviour (temperature and emissions profiles) 
as well as relating those behaviours to total contaminant load as represented by soil TPH 
concentrations. Individual test summaries are available in Appendix 3. Note that Test FS1 
is excluded from comparison discussions as this test was used as a proof of ignition test 
and to shakedown the system and monitoring equipment.  
3.4.3.1 Temperature Profiles 
Figure 3-14 shows a typical thermocouple profile from the field-scale Hottpad (Test 
FS6). These profiles are consistent with those from the prototype system for petroleum 
hydrocarbon-based contaminants in terms of ignition and peak temperatures (Figure 3-6). 
Peak temperatures, shown in Table 3-3, are generally consistent across all 7 field-scale 
tests and are indicative of smouldering of petroleum hydrocarbons. Thermocouple 
profiles for all tests are presented in Appendix 3. 
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Figure 3-14: Test FS6 temperature profile above Pads 2 & 5 after sequential 
ignitions (Pads 1 & 6, 3 & 4 already smouldering) of a 2m high pile with a process 
air flux of 1cm/s. The 2.5m height respresents air temperature above the pile. 
Peak temperatures at field scales are observed to be independent of soil moisture content, 
as shown in Figure 3-15. This is consistent with laboratory studies indicating that 
smouldering of wet fuels with up to 70% (Yerman et al., 2016) or 75% (Rashwan et al., 
2016) moisture content has minimal effect on the energy balance that dictates 
smouldering behaviour. This is because the heating front, which removes moisture from 
the porous matrix, propagates ahead of the smouldering front so that the smouldering 
reaction remains independent of drying (He et al., 2014).   It is expected that even higher 
moisture contents could be smouldered at the field scale, because the heat losses (as a 
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fraction of the total energy balance) are reduced (Switzer et al., 2014).  However, this 
was not tested in this work, since the maximum moisture content was 18.5% (Test FS4). 
 
Figure 3-15: Peak temperatures as related to moisture across different soil types, 
sludge types, and air fluxes for field-scale and prototype tests. 
The overall front velocity is determined by the time taken for the front to travel from the 
bottom to the top of the treatment material.  These values, 0.4-0.6 meters per day (m/d), 
were relatively consistent across the field-scale trials irrespective of pile height, 
contaminant concentration (TPH), or moisture content (Table 3-3, Figure 3-16).  It is 
noted that these velocities were less than equivalent values observed at the prototype 
scale which ranged from 0.6 to 2.1m/d.  Some velocity decrease was expected, however, 
since the injected airflow rate was 33% less (1cm/s versus 1.5cm/s) and it is known that 
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smouldering velocity is related to injected air velocity (Pironi et al., 2011).  However, air 
velocity decrease alone is likely not responsible for the 50% average reduction in 
smouldering velocity between the two scales.  While there are a number of possible 
explanations, most likely this is due to significantly increased heterogeneity in the 
contaminant distribution and material permeability at the field scale.  Evidence for this is 
found by calculating localized front velocities, determined for each 0.25m height interval 
via the arrival times of peak temperatures.  As indicated in Table 3-3 and shown in Figure 
3-16, these values can vary significantly, indicating that the front does not travel at a 
constant vertical rate within the field-scale soil pile.  This is in contrast to most laboratory 
column experiments (e.g., Kinsman et al., 2017), which are relatively homogenous with 
respect to contaminant content, soil properties, and air flow distribution. It is also 
possible that the differences in propagation rates between the prototype and field scale 
are height related. Table 3-3 and Figure 3-16 show that over the first 0.5m of height, Test 
FS6 has an average propagation velocity of 2.6m/d before slowing down over the 
remainder of the test. This velocity is very similar to the 2.1m/day seen over the 0.6m 
height of Test P2 (Table 3-2 and Figure 3-5), suggesting that the front velocity moves 
quicker during the initial stages of combustion and then decreases with increasing pile 
height. This may be because vertical flow velocities are highest near the plenum and 
decrease due to pressure drops and increased heterogeneity (non-vertical flow paths) with 
increasing distance from the plenum.  As a result, short (prototype) pile height tests may 
not be accurate for predicting treatment times at large scales. 
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Figure 3-16: Field-scale propagation velocities of the smouldering front at various 
heights within the pile. 
The temperature profiles reveal that, after the front passes by, cooling of the clean soil is 
slow relative to the prototype scale tests; for example, at the bottom of the soil pile (0m) 
cooling down to 100ºC takes 80 hours in Test FS6 (Figure 3-14) compared to 12 hours in 
Test P2 (Figure 3-6).  This is direct evidence of the increased energy retention, and 
increased efficiency of the combustion reaction, at larger scales as first indicated by 
Switzer et al (2014).  Moreover, while this cooling time increases with increasing height 
at both scales, it increases more dramatically at the field scale (e.g., at 1.5m height, the 
temperature decreases only 30ºC in 65 hours; cooling down to 100ºC is beyond the range 
shown in Figure 3-14).  This is due to heat accumulation in the soil pile (due to 
cumulative contaminant mass smouldered) with increased height.  
3.4.3.2 Smouldering Times and Mass Removal Rates 
Temperature monitoring with thermocouples at various heights throughout the soil pile 
can indicate where and how fast the leading edge of the smouldering front is traveling. 
However, since the trailing edge of the front (the transition from oxidizing sludge to 
clean soil) may lag and be obscured by latent heat in the pile, it can be difficult to identify 
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when the smouldering process is complete based on temperature alone. Therefore, 
combustion gas data is useful to determine when smouldering within the pile is complete.  
Figure 3-17 presents the total smouldering time of the field-scale tests: approximately 4 
days for 1m high piles at an air flux of 1cm/s, and between 5.5-7.8 days for 2m high piles 
at an air flux of 1cm/s. These times were determined using combustion gas data as 
detailed in Appendix 1 (i.e., combustion starts when the CO mass production rate is 
>0.003 grams per second [g/s] and finishes when the mass loss rate approaches zero).  
Figure 3-17 shows that the total smouldering time of Hottpad tests at air fluxes of 
~1cm/s, including both field and prototype scales, correlate well with pile height. 
Smouldering time does not include the entire heating time before ignition but does 
include the initial phases of the reaction as it builds to a robust and stable front. As this 





Figure 3-17: Treatment times as a function of  pile height for all tests at the field 
(blue circles) and prototype (orange circles) scales at air fluxes of ~1cm/s and of 
1.5cm/s (orange triangles). 
On average, the prototype tests that used electric resistive heaters (Tests P2 – P5) ignited 
after 1.6hr of heating. However, the average heating time before the start of ignition at 
the field scale was 2.4hr, with one outlier being Test FS6 which showed signs of ignition 
after only 0.87hr of heating. The difference in average ignition time is likely a result of 
differences in heating densities at the support grating surface between the prototype 
(8kW/m2) and field scale (6.6kW/m2), suggesting that ignition times may be improved by 
optimizing this heat density.   
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Figure 3-17 may also suggest a decrease in smouldering time in relation to increasing 
average soil TPH, particularly at higher pile heights. This may be due to a more efficient 
reaction occurring with increased contaminant mass as long as oxygen remains in excess, 
as discussed in Section 3.4.3.3. More energy is available per volume of soil and therefore 
the reaction is more vigorous, at least up to 25 000mg/kg TPH as tested here. However, 
this trend may not continue once the contaminant load is so high that the reaction 
becomes oxygen limited, causing the total smouldering time to potentially plateau or 
increase, as found with modelling of bitumen smouldering above a pore space saturation 
of 40% (Zanoni et al., 2019).    
Figure 3-18 shows the mass loss rates (blue line) from Test FS6, while the mass loss 
curves for all tests are presented in Appendix 3. During ignition, the loss rate builds 
slowly until robust smouldering is achieved and the rate increases quickly to a peak at 
normalized smouldering time of approximately 0.4. After the peak, the mass loss rate 
declines steadily before tailing slowly. Integrating the area under this curve yields the 
cumulative mass lost (red line) during the test. This cumulative mass can be compared to 
the initial mass of contaminant in the soil pile to estimate the overall level of treatment 
(mass loss). Test FS6 removed approximately 98% of the total sludge mass added.  This 
is consistent with the post-treatment TPH values below the detection limits (Figure 3-12) 
and the visually clean soil found throughout the pile upon excavation (Figure 3-13).   
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Figure 3-18: Test FS6 illustrating instantaneous mass loss rate (left axis) and 
normalized cumulative mass loss (right axis) versus time (bottom axis) and 
normalized time (top axis).  Breakthrough time is also plotted (discussed in text). 
Figure 3-18 also shows the arrival time of the leading edge of the smouldering front at the 
top of the pile (i.e., breakthrough time). The average breakthrough time occurred at a 
normalized smouldering time of 0.6 for the five tests in Table 3-3, with a sample standard 
deviation of 0.1, indicating that breakthrough occurs at approximately 60% of the total 
smouldering time.  Solinger (2016), who conducted numerical modelling of Hottpad 
tests, predicted that the mass destruction rate should be relatively constant before 
breakthrough, as the front predominantly travelled upwards, and would tail after 
breakthrough as the front travelled outwards and treated lower permeability pockets of 
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soil.  That work also predicted that the first 60% of smouldering time may account for 
80% of the total mass lost.  The data in Figure 3-18 and the other field-scale tests 
(Appendix 3) provides support for these predictions. 
The peak mass loss rate is an important design characteristic.  Figure 3-19, comparing all 
the tests, illustrates that the peak mass loss rate is a linear function of the initial soil TPH. 
This suggests that maximizing sludge content (contaminant load) during mixing is 
advantageous for increasing throughput in the Hottpad, at least for the range of TPH 
concentrations tested here.  
 
Figure 3-19: Peak mass loss rate as a function of initial contaminant concentration 
(soil TPH) for the field-scale tests using an injected air flux of ~1cm/s. 
The average mass loss rate for the field-scale tests was 5.8m3sludge/day (Table 3-3), while 
the average for the prototype tests was 0.10m3tank bottoms/day (Table 3-2).  However, it is 
more applicable to compare scales by unit surface area of the pads (78m2 for the field-
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scale Hottpad and 2.25m2 for the prototype). Still, the average mass loss per unit surface 
area is larger at the field scale (0.07m3/day/m2) than the prototype (0.04m3/day/m2). This 
suggests that the robustness of the reaction increases with scale, possibly due to fewer 
heat losses or edge effects.  
Table 3-3 presents the cumulative energy used for each field-scale test, with an average 
of 13 000kWh (excluding Tests FS1 and FS4). Energy consumption per tonne of sludge 
is highly variable and dependent on the mixing ratio with soil and the density of the 
sludge (mixing ratios here were volume based). Since the same amount of soil is used 
regardless of the amount of sludge, it is more prudent to consider the energy consumption 
on a soil basis. Considering the mass of contaminated soils tested here (~130 tonnes for 
Tests FS2 and FS3 at 1m pile heights; ~260 tonnes for Tests FS5 through FS7 at 2m pile 
heights), the average energy consumption required for Hottpad smouldering is 
approximately 100kWh/tonnesoil for 1m high piles and approximately 50kWh/tonnesoil for 
2m piles. As most of the energy is used to achieve ignition (Figure 3-20), taller piles do 
not use significantly more energy than shorter piles. Regardless, compared to the 210 – 
935 kWh/tonnewaste (European Commission 2006) used by incinerators, Hottpad appears 





Figure 3-20: Test FS6 power (red line) and energy consumption (blue line) over the 
course of the test. 
3.4.3.3 Combustion Gases 
Gases emitted from the top of the soil pile were monitored by a CEMS and FID. Any 
dilution of the raw gases, by ambient air from the unsealed vapour cover, were estimated 
by comparing the total injected process air flow rate to the total collected extracted flow 
rate, using standardized conditions. Recorded concentrations for each test are available in 
Appendix 3. Contaminant concentration (soil TPH) is a key variable, which is often 
under the operator’s control in liquid organic waste treatment operations.  To examine 
sensitivity to this variable, Tests FS3, FS5, and FS6 are compared in the following 
analyses, as they represent similar conditions but vary in contaminant concentrations 
from 5 000 to 25 000mg/kg.   
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Figure 3-21 shows typical concentration profiles for CO2 (dilution corrected) for Test 
FS3, FS5, and FS7. The CO trends for the same tests are shown in Appendix 1. As soil 
TPH increases, peak CO2 and CO concentrations increase due to the higher total carbon 
content available for oxidization. The timing of the peaks appears to occur at later 
normalized smouldering times as soil TPH increases. Peaks for CO2 and CO occur at 
approximately the same time in a respective test. The CO2 and CO concentrations are 
likely proportional to the total volume of material that is smouldering in the pile. Thus, 
increasing CO2 and CO concentrations suggest that the smouldering zone grows and 
reaches a maximum at a time consistent with peak CO2 and CO generation, a normalized 
smouldering time between 0.2 and 0.4, and then slowly diminishes over the rest of the 
test. This implies that the smouldering front generally thickens and then thins in the 
vertical direction; however, the shape of the front is likely complex due to spatial 
variations in contaminant distribution and available oxygen (related to effective porosity).   
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Figure 3-21: Field-scale Hottpad CO2 profiles for field tests FS3, FS5, and FS6, 
which vary primarily in contaminant concentration (TPH). 
In stoichiometric combustion, all the hydrocarbon fuel and oxygen are converted to water 
and CO2. However, stoichiometric combustion assumes perfect mixing of the fuel and 
oxygen. It is likely that poor mixing of the air and fuel cause the formation of partially 
oxidized compounds, such as CO and unburnt hydrocarbons (measured as THC). 
Therefore, higher concentrations of CO2 and lower concentrations of byproducts, such as 
CO, indicate a higher efficiency reaction. This efficiency can be represented by 
calculating CO/CO2 ratios, with lower ratios indicating more conversion to CO2 and, 
therefore more efficient combustion. 
Figure 3-22 shows the CO/CO2 ratios from three representative field-scale tests: FS3, 
FS5, and FS6.  These data, also illustrated in Figure 3-23, suggest that at air fluxes of 
~1cm/s, increasing contaminant concentration leads to improved combustion efficiencies. 
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These profiles also show the boundary effects of the combustion reaction and indicate 
when stable robust smouldering is occurring. Smouldering begins at a normalized time of 
0 and becomes stable, indicating an end of the ignition phase, between a normalized time 
of 0.04-0.06. Similarly, tailing effects appear after an approximate normalized time 
between 0.7-0.8 after the front has reached the top of the treatment material and residual 
pockets of contaminant continue to smoulder. CO/CO2 ratios from all field-scale tests are 
presented in Appendix 3.  
 
Figure 3-22: CO/CO2 ratios, corresponding to combustion efficiency, as a function 
of time from Tests FS3, FS5, and FS6, which vary primarily in contaminant 
concentration (TPH). 
CO and CO2 are direct products of combustion and, therefore, are dependent on the 
stoichiometric relationship between the quantity of fuel, represented here by soil TPH, 
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and the available oxygen. Hence, analysis of peak CO and CO2 at similar relative air flow 
rates is valuable for predicting peak CO and CO2 concentrations for various contaminant 
loads. This can aid in design of vapour treatment technologies as required by applicable 
regulatory bodies. Figure 3-23 shows a very strong positive linear correlation between 
peak CO2 and CO concentrations and increasing initial soil TPH.  
 
Figure 3-23: Peak CO2 and CO as a function of calculated average contaminant 
concentration (TPH) at an air flux of ~1cm/s for field tests FS3, FS5, and FS6.  
CO2 and CO production was shown to be inversely proportional to oxygen depletion 
(Appendix 3). Minimum O2 concentrations, shown in Table 3-3, are coincident with peak 
CO2 and CO concentrations. These match observations from the prototype tests 
(Appendix 2) and STAR laboratory experiments (personal communication, J. Gerhard).  
3.4.3.4 Total Hydrocarbons in Emissions 
One of the byproducts of smouldering combustion are unburnt hydrocarbons. During Test 
P2, which used Heavy Crude Tank Bottoms with a relatively high proportion of light 
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hydrocarbons, approximately 11% of the total contaminant mass was volatilized from the 
pile before smouldering began and approximately 70% of the total mass was removed as 
hydrocarbons during treatment. By comparison, Test P3, which used Weathered Lagoon 
Sludge as fuel, volatilized only 0.3% of the mass before ignition and 21% total during 
treatment. Similarly, at the field scale with weathered sludge, Test FS6 volatilized only 
0.02% of the mass before ignition, and only 9.7% total during treatment. Overall, the 
successful field-scale tests (Tests FS3, FS5, FS6, and FS7) combusted 84 – 88% of the 
weathered sludge mass, while emitting only 9 – 16% as unburnt hydrocarbons (Table 
3-3).  The fraction of volatilized contaminant is likely dependent on the sludge 
composition and the initial fraction of light hydrocarbons (<C9), as supported by the 
relative C6 – C9 concentrations of the sludges shown in Table 3-1.    
Figure 3-24 shows the THC profiles, in concentration equivalents of ppm as propane, 
from three field-scale tests with a wide range of initial soil TPH. The peak THC 
concentrations from Tests FS3, FS5, and FS6 were 2 231, 328, and 2 268ppmas propane, 
respectively, accounting for 9.0, 9.4, and 9.7% of the total contaminant load. As 
expected, higher contaminant concentrations produce more THC in the off-gases but the 
increase is not proportional. This may be due to the variability of hydrocarbon fraction 
distribution within the sludge used for a specific test and/or may be the result of the 
efficiency of the smouldering reaction, which supports the theory that efficiency 
increases as a function of increasing contaminant load discussed in Section 3.4.3.3.  
The absence of an initial peak of THC during ignition of these tests (due to volatilization) 
suggests limited light hydrocarbons were present in the Surge Pond and/or Secondary 
Separator Sludges, which is consistent with the analyses presented in Table 3-1. The 
main THC peaks occurred at increasing normalized smouldering times as soil TPH 
increases. The Test FS5 peak occurred at approximately 0.29 with Tests FS3 and FS6 
occurring at approximately 0.33 and 0.39, respectively.  
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Figure 3-24: THC profiles with time for three different contaminant concentrations 
(TPH) at an air flux of ~1cm/s for field tests FS3, FS5, and FS6. 
THC concentrations appear to decrease more slowly (i.e., tail longer) than the CO and 
CO2 profiles. This may be due to recondensed compounds and aerosols in the sand cap 
being volatilized as the heating front approaches the top of the pile (Kinsman 2015).  
Figure 3-25 shows peak THC concentrations relative to calculated soil TPHs (see 
Appendix 1) for Tests FS3 through FS7. As expected, peak THC increases with 
increasing soil TPH although the weak correlation suggests other factors play a role. The 
apparent plateauing of peak THC between Test FS3 (12 400mg/kg) and FS6 (24 
471mg/kg) may suggest more complete combustion during Test FS6. The analysis of the 
minimum O2 and average CO/CO2 ratios for each test lend support to the hypothesis that 
less byproducts of incomplete combustion (i.e., a more efficient reaction) occur at higher 
soil TPH concentrations up to at least 25 000mg/kg. This conclusion is likely 
contaminant dependent, as different hydrocarbon compositions likely contribute 
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differently to combustion efficiency, and is likely process air dependent, as the reaction 
will behave differently at varying air fluxes.  
 
Figure 3-25: Peak THC versus average contaminant concentration (soil TPH) for 
field tests FS3 to FS7. 
Figure 3-25 may also be used to predict peak THC for a given Hottpad cycle if 
contaminants with similar hydrocarbon distributions (Table 3-1) are used and if the 
relative process air flow rate is equivalent to an air flux of ~1cm/s. 
3.4.4 Treatment Cycle Phases 
CEMS and FID data, along with temperature data, were used to identify the various 
phases of the smouldering reaction over the course of a treatment cycle.  Mass production 
rates of CO can be used to indicate the onset of smouldering, and CO/CO2 ratios can be 
used to determine when a stable and robust smouldering reaction is established. 
Temperature data can be used to determine when breakthrough of the leading edge of the 
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smouldering front occurs at the top of the treatment material.  CO/CO2 ratios can also be 
used to predict when reaction tailing occurs. Understanding when these phases occur 
within a normalized smouldering time allows for the total smouldering time, assuming 
complete treatment, to be predicted for known soil TPHs. Table 3-4 summarizes the 
treatment cycle phases and their approximate timing related to normalized smouldering 
time. For example, considering the ignition period occurred between 0 and 0.04-0.06 
normalized smouldering time (approximately 5-9hrs) in Figure 3-22 and that the first 
signs of combustion, indicated by CO mass production rates >0.003g/s, occurred after an 
average of 2.35hrs of heating, suggests that stable smouldering should be achieved after 
7.5-11.5hrs from process start (heating and air flow).  These heating times are of course 
dependent on the power of the heaters, and likely the Hottpad configuration as heat losses 
will vary.   




Treatment Phase Supporting Data Additional Information 
0 Combustion initiation CO mass production 
rate >0.003g/s 
Coincides well with rapid 
inflections in combustion gas data 




CO/CO2 ratios stabilize between 
0.15 – 0.23; higher contaminant 
loads may smoulder more 
efficiently 
0.24 – 0.40 Peak emissions (peak 
mass destruction 
rates) 
Peak CO, CO2, and 
THC emissions 
Peak emissions increase with 
increasing contaminant load; 
peaks occur later with increasing 
contaminant load 
~0.6 Breakthrough of 
leading edge of 
smouldering front at 
top of the treatment 
Thermocouples at the 
top of the treatment 
material reach peak 
temperatures 
End of linear mass destruction 
period (approximately 80% of 
total mass lost) 
64 
material 
0.7 – 0.8 Tailing effects of the 
reaction begin to 
dominate 
CO/CO2 destabilizing, 
cumulative mass loss 
rate plateauing 
Reaction is likely less efficient as 
isolated pockets of contaminant 
continue to smoulder 
1 Combustion finished Mass loss rate near 0; 
some unburnt 
hydrocarbons (THC) 
still being emitted 
CO and CO2 concentrations near 
0, soil temperatures decreasing 
Overall treatment cycle times are dependent on pile height and, to some extent, on 
contaminant load. Air flux likely also effects overall treatment time, as shown in 
laboratory experiments (Pironi et al., 2011), but was not explored at the field scale during 
this testing. Soil cooling times after combustion were not explored in detail during the 
field trials. 
3.5 Summary 
Prototype testing of the Hottpad system demonstrated that smouldering combustion can 
be used to successfully remediate contaminated soils in open pile configurations. 
Successful treatment was achieved with various hydrocarbon wastes, such as weathered 
lagoon sludges, and multiple soils types, such as fine grained heterogenous soils. The 
prototype system was used to determine that electric resistive heaters within the air 
distribution plenum are more effective for achieving ignition than convective forced air 
heating. Peak smouldering temperatures at the prototype scale were consistent with those 
of the field-scale Hottpad for a given contaminant type, where it was also confirmed that 
peak temperatures are independent of soil moisture content at the values tested here.  
Field-scale testing of the Hottpad system showed that smouldering combustion can be 
used effectively to treat petroleum hydrocarbon sludges over a range of contaminant 
concentrations (i.e., soil TPHs). Those concentrations were shown to depend less on soil 
sludge volume ratios and more on the hydrocarbon contents of the sludges, especially 
with weathered wastes. Representative samples of the final mixed soil to be treated, and 
having those samples analyzed for a full range of petroleum hydrocarbons, are very 
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important for determining total contaminant load. These soil TPH concentrations can be 
used to predict peak emissions concentrations and timing of those peaks. Smouldering 
time was shown to correlate well with pile height and depend less on sludge content as 
higher soil TPH concentrations exhibit higher peak mass loss rates.  This suggests that it 
is possible to increase contaminant loading (up to some limit, not here tested) without 
significantly increasing treatment times, thereby achieving higher sludge throughput in 
the system. Smouldering velocities were found to be highest in the first 0.6m from the 
base of the Hottpad (at both the prototype and field scale) and not representative of the 
overall smouldering velocities for piles 1 and 2m high, and thus these should not be used 
to predict overall treatment times for full-scale applications.  
In the absence of representative soil data, it was shown that good CEMS and FID data 
from successful treatment cycles can be used to back calculate the approximate initial soil 
TPH content. Analysis of the emission profiles and peak emission rates can be used for 
design of vapour treatment equipment and/or gain regulatory approval for Hottpad 
systems. Vapour treatment equipment must be designed to handle the maximum loading 
rate and, therefore, being able to predict peak CO and/or THC concentrations for an 
application (i.e. soil type, hydrocarbon type, contaminant concentration, etc.) are critical 
to properly design and select equipment. Relationships between contaminant 
concentration and peak emissions for CO, CO2, and THC were developed. The peak 
concentrations of CO and CO2 were shown to increase with increasing contaminant 
concentration but appear to be independent of sludge type. Therefore, this correlation 
may be transferable across various types of petroleum hydrocarbon fuels. The THC 
relationship is likely contaminant specific and dependent on overall combustion 
efficiency: while increasing contaminant concentrations generally produce more THC, 
increased combustion efficiency at higher concentrations appear to help curb the peak 
THC emissions.  
Regulatory agencies can have many different averaging periods for atmospheric 
emissions. These can range from 1hr, 8hr, 24hr, or annual averages of concentrations 
and/or total mass emitted. The analysis completed herein can assist with predicting these 
averages using the relationships between contaminant concentration, peak emissions, pile 
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heights, cycle times, and emissions and/or mass loss rate profiles. This research is 
currently being used to design and seek regulatory approvals for full-scale Hottpad 




This thesis presented the design and operating results of the first prototype and field-scale 
tests of the STARx technology via the Hottpad system. Five prototype and seven field-
scale tests were used to assess the operational behaviour of smouldering combustion 
when used to treat petroleum hydrocarbon wastes blended with soils. Successful 
destruction and treatment of the wastes were shown at various soil pile heights, 
contaminant concentrations, and moisture contents. The relationships between off-gas 
production, mass loss rates, cycle times, and peak temperatures were discussed.  
4.1 Key Findings 
The major conclusions of this work are:  
• Smouldering is an effective means of destroying petroleum hydrocarbon sludges; 
• The Hottpad concept is a cost-effective smouldering treatment system that is 
scalable, portable, and relatively simple to operate in remote locations; 
• The prototype tests demonstrated that: 
o electrical radiative heaters are more efficient (i.e., time to ignition and 
total power consumption) than forced air heating, 
o heterogeneous fine-grained soils can be remediated by ensuring that air 
fluxes remain low, at approximately 1cm/s tested here, 
o continuous monitoring data of CO2, CO, and THC can be used to track 
mass loss during treatment and to estimate initial contaminant 
concentrations of completely treated materials, and 
o that small scale testing is representative for predicting peak temperatures 
for a given contaminant; 
• The field-scale tests showed that: 
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o soil to sludge volume ratios are poor indicators of total contaminant load 
for blended treatment materials, 
o soil pile heights below 0.6m are not representative for predicting overall 
smouldering velocities for taller piles; 
o peak temperatures are independent of soil moisture content under robust 
smouldering conditions; 
o peak concentrations of combustion gases increase proportional to 
increasing contaminant load, as represented by soil TPH; 
o higher contaminant concentrations appear to smoulder more efficiently, as 
measured by reduced CO/CO2 ratios at steady state and by reduced peak 
THC emissions, up to initial average soil TPH concentrations of at least 25 
000mg/kg, and likely higher; 
o mass loss rates increase proportional to increasing contaminant 
concentrations (noting that O2 was in excess for all these tests); 
 Smouldering front breakthrough times at the top of the treatment 
material occurred at approximately 60% of the normalized 
smouldering time and represented close to 80% loss of initial 
contaminant mass, which is consistent with modelling (Solinger 
2016); 
o Treatment cycle phases can be identified relative to normalized 
smouldering times. 
4.2 Recommendation for Future Work 
This thesis presented the results of prototype and field-scale tests; however, additional 
data sets are recommended to expand the understanding and boundaries of the Hottpad 
system, including: 
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• Taller soil pile heights at the prototype scale (small surface area) to further assess 
the relationship between pile height and smouldering velocity; 
• Higher initial soil TPH concentrations at field-scales to better understand and 
expand on the relationships with combustion gases and mass loss rates; 
o To determine the transition point from a fuel limited to oxygen limited 
reaction; and 
o Testing of soils above a TPH of 25 000mg/kg should also be completed to 
determine if, and at what TPH, the reaction efficiency plateaus or begins 
to decrease;   
• Air fluxes above and below 1cm/s at field scale to best optimize treatment times, 
destruction rates, and energy usage; 
• Further analysis and testing of heterogeneous soils with wide grain size 
distributions and varying porosities and permeabilities, not otherwise discussed 
here, to expand the understanding of behaviour and feasibility of the Hottpad 
system to treat these soils; 
• In-depth analysis of the THC emissions to better understand the speciation and 
relative proportions throughout the treatment cycle; and 
• In-depth study of other off-gases, such as SOx and NOx, in relation to initial 
contaminant composition (e.g., sulfur content) to optimize design and operation of 
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1 Introduction 
Investigations related to the Hottpad system behaviour included analysis of the contaminant 
concentration, temperature profiles, and off-gas trends. Some data was missing from certain tests 
and/or required correction due to operational issues. The emissions data required the most 
manipulation to compare relationships between individual tests. The following sub-sections 
detail how relevant data was used to correct or fill in other data gaps and develop relationships 
for the Hottpad system. 
1.1 Correcting for Dilution 
Evaluating emissions between individual tests required comparing concentrations at similar flow 
rates. Ideally, with injection flows being equal, only the gases leaving the pile would be sampled. 
However, due to the open nature of the vapour capture system, the emitted gases were diluted 
with ambient air from multiple sources. Figure A1-1 shows a simple process flow diagram (PFD) 
of the Hottpad system and associated vapour streams. Streams 1 and 2 are process air, which 
deliver oxidant to the base of the soil pile. Stream 3 is the gas leaving the top of the pile, which is 
slightly greater than Steams 1 and 2 due to gas production from the smouldering reaction. 
However, it was impossible to measure Stream 3 at scale and therefore it is considered equal to 
Streams 1 and 2. Stream 4 is the first source of dilution to the emitted gases. This comes from the 
unsealed edges of the vapour cover system. In 2016, for Tests FS1 to FS4, these edges allowed 
for a substantial amount of dilution air to enter the system. In 2018, Tests FS5 to FS7, the 
dilution from the edges was minimized by having the vapour cover overlap with the vertical steel 
walls.  
Stream 8 is where the CEMS and FID sample probes were placed during 2016 testing. This was 
after Stream 7, a manual dilution valve used to cool down and/or dilute the vapours, but a flow 
meter in Stream 8 allowed for dilution factors and mass calculations to be assessed. In 2018, the 
CEMS and FID sample probes were moved to Stream 6, where another flow meter was located.  
Assuming Steams 1 and 2 account for all the flow leaving the top of the pile, dilution factors for 
each Test were calculated by dividing the average flows of Streams 6 or 8 but the average flows 
of Streams 1 and 2. Streams 1 and 2 remained fairly constant throughout each test. Streams 6 and 
8 fluctuated more as adjustments were needed during some tests to ensure adequate capture of 
gases. Average values for Stream 1 and 2 (Process Air Flow) and Streams 6 and 8 (Extraction 
Flow Rates), along with their sample standard deviations, and dilution factors are presented in 
Table 3-3 for each Test. 
Figure A1-1: Hottpad basic PFD with stream numbering 
 
Figure A1-2: Hottpad arrangement and pad identification 
The individual dilution factors for each test were used to correct the CEMS and FID values 
measured in Streams 6 or 8 to estimate the concentrations in Stream 3. All analyses of Hottpad 
emissions have been corrected for dilution using this method, except for the mass conversions 
discussed in Section 1.2. Examples of corrected CO2 profiles from Tests FS3, FS5, and FS6 are 
shown in Figure A1-3 and refer to discussion in Section 3.4.3.2. 
 
Figure A1-3: Corrected CO2 trends at three different soil TPHs 
1.1.1 CO/CO2 Ratios 
Corrected concentrations were used to calculate CO/CO2 ratios for each test using Equation 2. 
Concentration data was recorded in 1-minute averages by the CEMS and FID.  
𝑪𝑪𝑪𝑪
𝑪𝑪𝑪𝑪𝟐𝟐
= [𝑪𝑪𝑪𝑪 (𝒑𝒑𝒑𝒑𝒑𝒑)][𝑪𝑪𝑪𝑪𝟐𝟐(%𝒗𝒗𝒗𝒗𝒗𝒗)∗𝟏𝟏𝟏𝟏 𝟏𝟏𝟏𝟏𝟏𝟏]     (2) 
Where, 
• CO/CO2 is the volumetric ratio of carbon monoxide to carbon dioxide; 
• [CO(ppm)] is the concentration of carbon monoxide in parts per million; and 
• [CO2(%vol)] is the concentration of carbon dioxide in percent volume. 
CO/CO2 ratios can be used as a measure for combustion reaction efficiency. Maximizing the 
amount of CO2 and minimizing byproducts, such as CO, should a indicate more complete 
combustion, hence a higher efficiency reaction. Therefore, lower CO/CO2 ratios should result 
from more efficient reactions. This was used to evaluate Hottpad system performance as varying 
contaminant concentrations.   
1.2 Mass Destruction and Removal Estimates 
During the smouldering process, hydrocarbons and organic matter are converted to combustion 
products. In complete combustion, hydrogen and carbon in the fuel are oxidized to water and 
CO2, however, incomplete combustion can cause the formation of byproducts such as CO and 
unburnt hydrocarbons. The measured concentrations of these compounds in the exhaust stream 
were converted to equivalent masses of hydrocarbons to delineate mass destruction and removal 
rates as well as cumulative mass lost. This was used to assess the overall treatment success of 
STARx.  
1.2.1 Converting Concentration to Mass 
Measured concentrations of CO and CO2 were converted to equivalent masses of combusted 
hydrocarbons, referred to as the mass destroyed during treatment. The THC concentrations, 
measured as propane equivalents, were converted directly to masses of propane which represent 
the unburnt hydrocarbons. Since these hydrocarbons are not technically combusted, they’re 
referred to as additional mass removed (not destroyed) during treatment. The mass destroyed and 
mass removed combine to the total mass loss during treatment, which can be compared to the 
initial mass of contaminant in the soil pile to assess the overall level of treatment. 
1.2.1.1 CO and CO2 Concentrations to Equivalent Hydrocarbon Mass 
To calculate the mass of contaminant destroyed, the mass of CO and CO2 removed from the pile 
was first determined. First the concentration data measured by the CEMS, measured in ppm for 
CO and %vol for CO2, must be converted to microgram per cubic meter (µg/m3) using Henry’s 
Law. Henry’s Law incorporates temperature, pressure, and molecular weights to convert volume 





      (3) 
  
Where: 
• [ug/m3] is the concentration in micrograms per cubic meter; 
• R is the Universal Gas Constant, 8.314 Joules per mol Kelvin (J/molK); 
• T is the temperature of the gas extracted, Kelvin (K), 
o The gas temperature was measured and recorded in 1-minute averages by a 
thermocouple just upstream of the CEMS and FID sample probes. 
• P is the pressure of the extracted gas (typically under vacuum) measured in the vapour 
extraction piping, Pascal (Pa), 
o Pressure was measured and recorded in 1-minute averages by a transducer 
mounted on the piping near the CEMS and FID probes; and 
• Mw is the species molecular weight, grams per mol (g/mol), 
o Mw(CO) = 28.01g/mol, 
o Mw(CO2) = 44.01g/mol. 
The mass concentrations for CO and CO2 were converted to mass loading rates using extraction 
flow rate data, as shown in Equation 4. 





𝑽𝑽𝒕𝒕̇      (4) 
Where: 
• ?̇?𝑚 is the species mass loading rate, grams per second (g/s); and 
• Vṫ is the total volumetric flow rate in the extraction piping, cubic meters per second 
(m3/s), 
o Extraction flow rate was measured and recorded in 1-minute averages by a mass 
flow meter located in close proximity to the CEMS and FID probes. 
Mass loading rates were then multiplied by the time step between recording points to produce 
actual mass removed values for each compound. These masses were converted to an equivalent 
mass of hydrocarbon fuel by relating the mass ratios of carbon in CO and CO2 to the assumed 










𝑪𝑪     (5) 
Where: 
• 𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the equivalent mass of fuel destroyed, grams (g); 
• 𝑀𝑀𝐶𝐶𝑂𝑂2is the mass of carbon dioxide measured in the vapour stream, grams (g); 
• 𝑀𝑀𝐶𝐶𝑂𝑂is the mass of carbon monoxide measured in the vapour stream, grams (g); 
• 𝑀𝑀𝑊𝑊𝐶𝐶 is the molecular weight of carbon, 12.01g/mol; 
• 𝑀𝑀𝑊𝑊𝐶𝐶𝑂𝑂2is the molecular weight of carbon dioxide, 44.01g/mol; 
• 𝑀𝑀𝑊𝑊𝐶𝐶𝑂𝑂 is the molecular weight of carbon monoxide, 28.01g/mol; and 
• 𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶  is the mass ratio of carbon to the molecular weight of fuel, 
o Assuming the carbon composition of the fuel can be represented by detected 
compounds in analytical results of the sludge, approximately 94% of the sludge 
mass is attributable to carbon. Therefore, 𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶  becomes 0.94. 
The exact composition of the contaminant is unknown and likely variable; therefore, there is 
some amount of uncertainty in this calculation. However, the consistent method across all tests 
allows for representative comparisons in the mass destruction rates and the cumulative mass 
removed from the soil pile. 
1.2.1.2 THC Concentrations to Equivalent Mass Removed 
Hydrocarbons were monitored using an FID, which destroys the sample, counts individual 
carbon ions, and typically reports values of concentration as propane equivalents (depending on 
the calibration gas used). Speciation or hydrocarbon fractionation were not done on a continuous 
basis. During a few of the field-scale tests some grab samples were collected in SummaTM 
canisters for laboratory analysis. However, the analysis herein focuses on the THC trends 
observed by continuous monitoring using the FID.  
Converting the volume concentrations of THC as represented by propane involved using 
Equations 2 through 4 but with the molecule weight of propane (44.1g/mol). Equation 5 was not 
used as THC represents unburnt contaminant emitted from the pile. The THC mass is presented 
in equivalents of propane.  Effectively, longer chain hydrocarbons are broken down to individual 
carbon ions and rebuilt as propane molecules, but the total mass of carbon is consistent.  
The mass of THC emitted was added to the mass destroyed result from Equation 5 to determine 
the total mass loss from the pile. This was compared to the measured mass of sludge added to the 
pile for treatment to assess the overall level of treatment during a given test. 
1.2.2 Comparing Calculated Mass Loss to Measured Mass Loss 
The calculated mass loss reflects the success of treatment in the Hottpad system. Achieving a 
calculated mass loss close to or equivalent to the added mass of contaminant is considered 
successful treatment. To ensure that the calculated mass loss is representative of actual mass loss, 
data was compared from initial STARx prototype testing. These tests were carried out in vertical 
cylindrical columns of either 0.6m in diameter by 1m tall (ISR) or 0.95m in diameter and 3m tall 
(LSR). The ISR was positioned on a mass balance and the LSR was held up by 4 load cells used 
to calculate total mass of the vessel.  
Figure A1-4 shows the measured mass loss vs. calculated mass loss curves for LSR15, which 
used crude oil tank bottoms as the fuel. A tank bottoms test was chosen for comparison due to 
the 95% oil composition of the sludge. Very little water (~2%) or solids (~3%) were present in 
the tank bottoms. This allowed for accurate comparison to the calculated mass loss which only 
accounts for carbon related masses. Figure A1-4 shows that the final cumulative calculated mass 
loss was 93% of the measured mass loss; approximately 7.4% difference.  
 
Figure A1-4: Measured mass loss vs. calculated mass loss in LSR15 with ~150 kg of tank 
bottoms added to the treatment material 
Considering the uncertainty embedded in the mass loss calculation, as discussed in Appendix 
1.2.1.1, and the small fraction of water in the sludge, the calculated mass loss shows very good 
agreement with the measured mass loss. Therefore, it was deemed an appropriate method for 
calculating mass loss for systems, such as Hottpad, where measured mass loss was not possible.  
1.2.3 Using Calculated Mass Loss to Estimate Initial Soil TPH 
Unfortunately, in some prototype and field-scale Hottpad tests, pre-test soil samples were not 
collected and therefore no initial soil TPH data is available. Soil TPH was used to estimate the 
total hydrocarbon mass in the soil piles for mass loss evaluations. For tests missing initial soil 
TPH data, and were considered fully treated, it was proposed that the calculated mass loss could 
be used to estimate the contaminant concentration (TPH). This approach would only be 
applicable to tests that were nearly fully treated as the calculated mass loss would represent 
“100%” of the total contaminant mass. Calculated mass loss was converted to TPH using 
Equation 6. 
𝑹𝑹𝑷𝑷𝑻𝑻 =  𝑪𝑪𝒇𝒇𝒑𝒑𝒑𝒑𝒇𝒇𝒗𝒗𝑪𝑪𝒕𝒕𝑪𝑪𝒗𝒗𝒇𝒇 𝑪𝑪𝑪𝑪𝒗𝒗𝑪𝑪𝒇𝒇𝒗𝒗𝑪𝑪𝒕𝒕𝒇𝒇𝒅𝒅 𝑴𝑴𝑪𝑪𝑴𝑴𝑴𝑴 𝑳𝑳𝒗𝒗𝑴𝑴𝒕𝒕
𝑩𝑩𝒇𝒇𝒗𝒗𝑩𝑩 𝑫𝑫𝒇𝒇𝑫𝑫𝑴𝑴𝑪𝑪𝒕𝒕𝑫𝑫 𝒗𝒗𝒇𝒇 𝑺𝑺𝒗𝒗𝑪𝑪𝒗𝒗 𝑷𝑷𝑪𝑪𝒗𝒗𝒇𝒇∗𝑽𝑽𝒗𝒗𝒗𝒗𝒇𝒇𝒑𝒑𝒇𝒇 𝒗𝒗𝒇𝒇 𝑺𝑺𝒗𝒗𝑪𝑪𝒗𝒗 𝑷𝑷𝑪𝑪𝒗𝒗𝒇𝒇
   (6) 
Where, 
• TPH is the total petroleum hydrocarbon concentration, milligrams per kilogram (mg/kg); 
• Cumulative calculated mass lost from CEMS and FID data, described in Section 1.2.1, 
kilograms (kg); 
• Bulk density of soil pile as represented by bulk density of the soil used, kilograms per 
cubic meter (kg/m3); and 
• Volume of the soil pile, cubic meters (m3). 
Considering fully and nearly fully treated tests with both measured initial soil TPH data and 
calculated mass loss data, from prototype and field-scale Hottpad tests and ISR and LSR tests, 
Figure A1-5 shows good agreement between the two values. Therefore, is was determined that 
for fully or nearly fully treated tests without initial soil TPH data, that the calculated mass loss 
could be used to estimate contaminant concentration. This was applied to Hottpad Tests P1 and 
P3 as well as Test FS3.  
 
Figure A1-5: Measured vs. calculated soil TPH shows strong agreement for fully treated 
tests 
1.2.4 Correcting Test Data 
Discussed in Appendix 3, some tests experienced operations issues that likely impacted the 
quality of combustion gas data collected. The most representative tests for comparing 
combustion gas profiles are considered Tests FS3, FS5, and FS6. FS2, FS4, and FS6 may be 
used for specific comparisons where the data is considered representative. Attempts were made 
to correct for operational issues, and this manipulated data will be identified when used for 
analysis. Table A1-1 summaries if and how an individual test’s data was manipulated. 




Corrected Rationale Correction Applied 
FS1 Not used 
Not considered representative due to pile 
height to surface area ratio Data not used 
FS2 No 
Loss of capture due to hole in cover system; 
timing of key points considered representative Influence of hole unquantifiable 
FS3 No 
CEMS data considered representative; no pre-
test soil TPH data 
Mass loss calculation used to 
estimate pre-test soil TPH 
FS4 Yes Only Pads 2&5 ignited and smouldered 
Mass loss calculation corrected 
for estimated volume of 
contaminant above Pads 2&5 
FS5 No Representative None 
FS6 No Representative None 
FS7 Yes 
1. Loss of CEMS data around peak
emissions due to disconnected sample
line;
2. Pre-test soil TPH values suspected low
and unrepresentative 
No correction to CEMS data 
(sample line disconnected for 
only 10 minutes).  
Mass loss calculation used to 
estimate pre-test soil TPH 
1.3 Normalized Smouldering Time 
Operational conditions related to ignition procedures varied across the majority of field-scale 
tests. Rotating heating sequences changed during 2016 and the heaters were likely not 
functioning at 100% in 2018 after being left exposed and nonoperational for almost a year. 
Combined with the arbitrary equipment shutdown times, sometimes chosen based on schedule 
(time or day of the week), the system operating times varied widely across the field-scale tests. 
To ensure adequate comparisons between tests it was necessary to establish a normalized period. 
This was chosen to be the period of active combustion, as determined by mass removal rates. 
This period does not include heating time before ignition nor cooling time after smouldering is 
complete.  
Operational elapsed times were converted to normalized smouldering time to compare the trends 
between tests. Operational times begin when the ignition heaters were turned on and continue 
until process air was shut off.  
1.3.1 Combustion Start 
Carbon monoxide was chosen as the most representative compound to assess the start of the 
smouldering process, as ambient concentrations of CO2 may mask the initial increase related to 
ignition. As shown in Figure A1-6, after CO reaches a mass production rate of 0.003g/s a 
significant increase is observed. This is consistent across the majority of field-scale tests and was 
used to mark the start of combustion; normalized smouldering time of “0”. The same inflection 
point at 0.003g/s was not observed at the prototype scale, suggesting the start of ignition marker 
is scale and/or system dependent.  
 
Figure A1-6: CO mass removal rate showing significant increase after 0.003g/s and is 
considered the start of smouldering combustion; time “0”. 
1.3.2 Combustion Finished 
Bookmarking when the smouldering reaction was finished was predicted using the total mass 
loss rate decline after its peak. Some compounds, particularly unburnt hydrocarbons, continue to 
volatilize from the pile after smouldering is complete but soil temperatures are still warm. This 
causes a very long tailing effect of the mass loss rate that likely persists after the actual reaction 
is complete. Therefore, a logarithmic curve was fitted to the mass loss rate decline to establish a 
corresponding time when the mass loss rate reaches “0”. This time was used as the end of the 
smouldering reaction; normalized smouldering time of “1”.  
Each test was assessed individually since the mass loss declines were different. Figure A1-7 
shows an example from FS6, used to predict a smouldering completion time of 8 024 minutes of 
operating time. Subtracting the time to start of ignition (CO mass production >0.003g/s) of 52 
minutes, yields a total smouldering time of 7 972 minutes. All dimensionalized time data was 
divided by the total smouldering time to establish an equivalent normalized smouldering time 
which could be used to compare trends between tests.  
 
Figure A1-7: Mass loss rate after peak used to fit logarithmic curve to predict end of 
combustion 
Table A1-2 summaries the key operational times and the associated normalized smouldering 
times as determined by the above methods. 
Table A1-2: Operational and normalized smouldering times for each field-scale test 
 Test FS2 Test FS3 Test FS4 Test FS5 Test FS6 Test FS7 
Extraction Air On 16/11/16 8:00          
(-10min) 
24/11/16 
15:30          
(-10min) 
13/12/16 
7:48            
(-31min) 
2/2/18 19:20         
(-140min) 
15/2/18 
13:45          
(-145min) 
9/3/18 12:09        
(-20min) 
Process Air On 16/11/16 8:00          
(-10min) 
24/11/16 
15:33          
(-7min) 
13/12/16 
7:57            
(-22min) 
2/2/18 19:30        
(-130min) 
15/2/18 
13:50           
(-140min) 
9/3/18 12:09         
(-20min) 
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      - tank bottom sludge
Surrogate
        - 0.95 silica
Saturation 40 % (7.5% 
oil/sand)
Height of Sand and Oil Mix 1 ft 0.3 m
Mass of Sand and Oil Mix NA lb #VALUE! kg
Height of Clean Cap Layer 1 ft 0.3 m
Total Height in Reactor 2 ft 0.6 m
Total Height Measured After Test 2 ft -- m
Settling During Test 0 ft -- m
Mass of Oil Added 339 lb 153.8 kg
Volume of Oil Mist Condensate 2 L
Mass of Oil Mist & Particulates NA lb #VALUE! kg
Process Air Rate during heating 70 scfm
Process Air Rate during combustion 70 scfm
Process Air Rate during cooling 70 scfm
Times:
Loading Time 7/27/2015 10 hr
Process Air ON 8/4/2015 9:08 -2 min -0.03 hr
Heater ON 8/4/2015 9:10 0 min 0.00 hr
Combustion Started (CO > 10 ppm) 8/4/2015 11:48 158 min 2.63 hr
Flow Observed at 58 scfm 8/4/2015 12:22 192 min 3.20 hr
Regular Adjusted (Flow back to 70 scfm) 8/4/2015 13:50 280 min 4.67 hr
Flow Limitations Begin to Increase (<50 scfm) 8/4/2015 17:00 470 min 7.83 hr
Heater OFF (Thermocouples Igniting) 8/4/2015 19:30 620 min 10.33 hr
Combustion Finished (CO < 30 ppm) 8/5/2015 11:52 1602 min 26.70 hr
Process Air OFF 8/6/2015 16:00 3290 min 54.83 hr
Unloading Time 8/11/2015 8 hr
TOTAL Test Time 128 hr
PLENUM
1.5 m


























































































































































































Elapsed Time (min) ["0" = Heater ON]
Height
Min 300 400 500 600 700
A B C Max 400 500 600 700 800
540.208 664.257 454.224 Average 350 450 550 650 750





D 688.347 540.532 603.84 F
485.052 599.791 718.648
G H I








































Elapsed Time (min) ["0" = Heater ON]
A B C Min 300 400 500 600 700
684.455 586.521 587.519
Max 400 500 600 700 800
















































Elapsed Time (min) ["0" = Heater ON]
A B C Min 300 400 500 600 700
554.069 550.576 525.05
Max 400 500 600 700 800
















































Elapsed Time (min) ["0" = Heater ON]
A B C Min 300 400 500 600 700
406.135 527.496 346.363
Max 400 500 600 700 800






























































Elapsed Time (min) [0 = Heater On]
Test P1 CEMS Raw Data
CO (ppm) CH4 (ppm)
VOCs (ppm CH4) Process Air ON (70 scfm)
Heater ON Flow Observed at 58 scfm
Regulator Adjusted (Flow back to 70 scfm) Flow Limitations Begin to Increase (<50 scfm)






















































Elapsed Time (min) [0 min = Combustion Started]
Test P1 Mass Loss (~150 kg Tank Bottoms added; Darcy flux = 1.5 cm/s)
Test P1 Soil Analytical
Sample ID HOT PAD UNTREAREDC HOT PAD PYROC HOT PAD UNTREAREDG HOT PAD PYROG HOT PAD 30CME HOT PAD CLEANCAP H
Sample Date 2015/08/21 11:50 2015/08/21 11:50 2015/08/21 11:45 2015/08/21 11:45 2015/08/13 12:00 2015/08/13 12:00
Laboratory ID AVW115 AVW116 AVW117 AVW118 AVW119 AVW120
Description / Location
Moisture Content (%) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
VOCs (µg/g)
Benzene <0.020 <0.020 <0.020 <0.020 <0.020 <0.020
Toluene 0.044 0.095 0.025 0.10 <0.020 <0.020
Ethylbenzene <0.020 0.022 <0.020 <0.020 <0.020 <0.020
o-Xylene 0.057 0.033 0.032 0.024 <0.020 <0.020
p+m-Xylene 0.086 0.094 0.061 0.084 <0.040 <0.040
Total Xylenes 0.14 0.13 0.092 0.11 <0.040 <0.040
TPH Fractions (µg/g)
F1 (C6-C10) 12 <10 <10 <10 <10 <10
F1 (C6-C10) - BTEX 12 <10 <10 <10 <10 <10
F2 (C10-C16 Hydrocarbons) 3500 82 290 40 <10 43
F3 (C16-C34 Hydrocarbons) 15000 730 15000 <50 <50 1300
F4 (C34-C50 Hydrocarbons) 6200 380 5800 <50 <50 <50
F4G (Heavy Hydrocarbons) 20000 930 16000 N/A N/A N/A
Total Petroleum Hydrocarbons (µg/g) 38,512 1742 31,290 40 0 1343
Notes:
N/A - Analysis not applied
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight

















      - tank bottom sludge
Surrogate
        - 0.95 silica
Saturation 40 % (7% 
oil/sand)
Height of Sand and Oil Mix 2 ft 0.6 m
Mass of Sand and Oil Mix NA lb NA kg
Height of Clean Cap Layer 1 ft 0.3 m
Total Height in Reactor 3 ft 0.9 m
Total Height Measured After Test -- ft -- m
Settling During Test -- ft -- m
Mass of Oil Added 168 lb 76.2 kg
Volume of Oil Mist Condensate 0 L
Mass of Oil Mist & Particulates NA lb NA kg
Process Air Rate during heating 64 scfm
Process Air Rate during combustion 64 scfm
Process Air Rate during cooling 64 scfm
Times:
Loading Time 10 hr
Process Air ON 9/29/2015 8:03 -4 min -0.07 hr
Heater ON 9/29/2015 8:07 0 min 0.00 hr
Combustion Started (CO > 10 ppm) 9/29/2015 9:27 80 min 1.33 hr
Heater OFF (Thermocouples Igniting) 9/29/2015 11:54 227 min 3.78 hr
Combustion Finished (CO < 30 ppm) 9/30/2015 6:20 1333 min 22.22 hr
Process Air OFF 9/30/2015 14:36 1829 min 30.48 hr
Unloading Time hr
TOTAL Test Time 68 hr
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Elapsed Time (min) ["0" = Heater ON]
Summary by Height (1 of 5)
Height
A B C Min 20 100 200 300 400 500 600 700
539.986 504.428 585.631
Max 100 200 300 400 500 600 700 800





D 561.891 611.56 563.586 F
612.015 592.969 536.244
G H I









































Elapsed Time (min) ["0" = Heater ON]
Summary by Height (2 of 5)
Height Temperature Plot Maximum Temperature
A B C Min 20 100 200 300 400 500 600 700
555.732 544.824 580.003
Max 100 200 300 400 500 600 700 800
















































Elapsed Time (min) ["0" = Heater ON]
Summary by Height (3 of 5)
Height Temperature Plot Maximum Temperature
A B C Min 20 100 200 300 400 500 600 700
560.231 545.411 531.225
Max 100 200 300 400 500 600 700 800
















































Elapsed Time (min) ["0" = Heater ON]
Summary by Height (4 of 5)
Height Temperature Plot Maximum Temperature
A B C Min 20 100 200 300 400 500 600 700
511.118 535.946 384.294
Max 100 200 300 400 500 600 700 800
















































Elapsed Time (min) ["0" = Heater ON]
Summary by Height (5 of 5)
Height Temperature Plot Maximum Temperature
A B C Min 20 100 200 300 400 500 600 700
320.654 391.693 73.748
Max 100 200 300 400 500 600 700 800





























































































Elapsed Time (min) ["0" = Heater ON]
Test P2 CEMS Data
VOCs (ppm CH4) CO (ppm)
CH4 (ppm) Heater ON
Heater OFF (Thermocouples Igniting) Extraction Flow Increased (-15 in.H2O in Trailer)
































































Elapsed Time (min) ["0" = Combustion Start]
Test P2 Mass Loss (~77kg Tank Bottoms added; Darcy flux = 1.4cm/s)
Mass Loss Rate (kg/min) Normalized Cummulative Mass Loss














Sample Date 10/07/15 10/07/15 10/07/15 10/07/15 10/07/15 10/07/15 10/07/15 10/07/15
Time 10:00 9:00 9:00 10:00 12:00 12:00 12:00 12:00
Laboratory ID BCZ132 BCZ133 BCZ134 BCZ135 BCZ136 BCZ137 BCZ138 BCZ139
Description / Location
Crust material 
found near TC 
bundle B approx. 
40 cm above the 
screen
Crust material 
found near TC 
bundle D approx. 
20 cm above the 
screen
Compsite sample 
from 4 corners and 
centre of the clean 
cap material
Treated material 
from the centre 
of the pad at 
approx. 62 cm 
above the 
screen
Inner ring of 
crust next to the 
treated material 
approx. 20 cm 
above the 
screen




Outside ring of 
crust approx. 20 




the edges of the 
pile
Moisture Content (%) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
VOCs (µg/g)
Benzene <0.020 <0.020 <0.020 <0.020 <0.020 <0.020 <0.020 <0.020
Toluene <0.020 0.044 <0.020 0.034 0.18 <0.020 <0.020 <0.020
Ethylbenzene <0.020 <0.020 <0.020 <0.020 0.024 <0.020 <0.020 <0.020
o-Xylene <0.020 <0.020 <0.020 <0.020 0.052 <0.020 <0.020 <0.020
p+m-Xylene <0.040 <0.040 <0.040 <0.040 0.13 <0.040 <0.040 <0.040
Total Xylenes <0.040 <0.040 <0.040 <0.040 0.18 <0.040 <0.040 <0.040
TPH Fractions (µg/g)
F1 (C6-C10) <10 <10 <10 <10 <10 <10 <10 <10
F1 (C6-C10) - BTEX <10 <10 <10 <10 <10 <10 <10 <10
F2 (C10-C16 Hydrocarbons) 810 <10 490 16 <10 <10 11 <10
F3 (C16-C34 Hydrocarbons) 1,900 <50 3,400 74 <50 <50 280 <50
F4 (C34-C50 Hydrocarbons) 69 <50 <50 <50 <50 <50 <50 <50
Total Petroleum Hydrocarbons (µg/g) 2,779 0 3,890 90 0 0 291 0
Notes:
N/A - Analysis not applied
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - Total petroleum hydrocarbon
Post-Test
Experiment 2: Results  
Before: 50,700 mg/kg TPH 
(Experiment 1 values; same loading ratios  





























Experiment 2: Results  
Clean Cap After:  







‘Crust’ Wall:  



















      - weathered sludge
Surrogate
        - site soil: full grain distribution
Saturation 0.8 % (15% 
oil/sand)
Height of Sand and Oil Mix 1 ft 0.3 m
Mass of Sand and Oil Mix NA lb NA kg
Height of Clean Cap Layer 0.5 ft 0.2 m
Total Height in Reactor 1.5 ft 0.5 m
Total Height Measured After Test 1.5 ft 0.5 m
Settling During Test -- ft -- m
Mass of Oil Added 175 lb 79.4 kg
Volume of Oil Mist Condensate 50 L
Mass of Oil Mist & Particulates NA lb NA kg
Process Air Rate during heating 52 scfm
Process Air Rate during combustion 52/45 scfm
Process Air Rate during cooling 52 scfm
Times:
Loading Time 10 hr
Process Air ON 1/13/2016 14:17 -8 min -0.13 hr
Heater ON 1/13/2016 14:25 0 min 0.00 hr
Combustion Started (CO > 10 ppm) 1/13/2016 15:32 67 min 1.12 hr
Heater OFF (Thermocouples Igniting) 1/13/2016 19:45 320 min 5.33 hr
Heater ON (Combustion not yet self-sustaining) 1/13/2016 20:56 391 min 6.52 hr
Process air to 45 scfm (poor capture) 1/14/2016 5:30 905 min 15.08 hr
Process air OFF (poor capture) 1/14/2016 7:16 1011 min 16.85 hr
Process air ON (52scfm) 1/14/2016 9:46 1161 min 19.35 hr
Combustion finished (CO <30ppm) 1/15/2016 7:10 2445 min 40.75 hr
Unloading Time 8 hr












































































































































































A B C A B C
425.435 433.806 407.445 438.031 429.954 406.995
D 461.9 464.631 443.269 F D 472.182 460.462 457.206 F
462.969 461.764 451.773 424.88 474.963 460.778
G H I G H I
A B C A B C
446.675 425.576 398.106 457.968 423.264 386.342
D 479.089 449.477 415.284 F D 477.062 500.633 411.608 F
433.637 483.016 456.245 449.625 455.669 445.23





A B C A B C
452.808 476.242 324.309 425.204 466.503 209.641
D 445.444 508.451 400.381 F D 418.672 515.258 301.823 F
453.086 492.465 405.197 343.345 412.27 347.197
G H I G H I
A B C A B C
206.771 473.345 60.12 58.268 425.745 54.707
D 319.669 521.666 125.608 F D 184.819 460.462 59.898 F
111.825 291.285 224.733 52.812 157.688 96.239





A B C A B C
57.989 183.364 54.242 57.214 59.322 53.815
D 58.811 Broken 58.186 F D 57.023 418.261 61.32 F
53.611 58.427 56.074 54.5 56.049 54.633
G H I G H I
Min 20 100 200 300 400 500 600 700
Max 100 200 300 400 500 600 700 800








Sample ID IBU-01-01 IBU-01-02 IBU-01-04 IBU-01-05 IBU-01-06 IBU-01-06 LabDup
Sample Date 01/11/16 01/11/16 01/19/2016 01/19/2016 01/19/2016 01/19/2016
Time 10:00 11:00 9:00 14:00 14:30 14:30
Laboratory ID BQI381 BQI382 BLN424 BLN425 BLN426 BLN426
Description / Location
   Loading batch 1, 55lbs of 
sludge with 300 lbs of soil
Loading batch 2, 40 
lbs of sludge for 300 
lbs of soil
Clean cap with 
condensate
25cm height, char 
smear layer
15 cm height, 
treated soil
15 cm height, 
treated soil
Moisture Content (%) 18 15 1.4 <1.0 <1.0 N/A
VOCs (µg/g)
Benzene 0.4 0.21 0.025 0.022 0.075 0.069
Toluene 9.6 7.5 0.14 <0.020 0.06 0.046
Ethylbenzene 6.6 5.8 0.021 <0.020 <0.020 <0.020
o-Xylene 36 32 0.036 <0.020 <0.020 <0.020
p+m-Xylene 51 45 0.078 <0.040 <0.040 <0.040
Total Xylenes 88 76 0.11 <0.040 <0.040 <0.040
TPH Fractions (µg/g)
F1 (C6-C10) 1,800 1,500 <10 <10 <10 <10
F1 (C6-C10) - BTEX 1,700 1,500 <10 <10 <10 <10
F2 (C10-C16 Hydrocarbons) 22,000 16,000 1,200 <10 <10 N/A
F3 (C16-C34 Hydrocarbons) 28,000 20,000 46,000 <50 <50 N/A
F4 (C34-C50 Hydrocarbons) 4,500 3,200 320 <50 <50 N/A
Total Petroleum Hydrocarbons (µg/g) 56,300 40,700 47,530 <120 <120 N/A
Notes:
N/A - Analysis not applied
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - Total petroleum hydrocarbon
Pre-Test Post-Test
Sample ID IBU-01-V1/1402 IBU-01-V2/1319 IBU-01-V3/1479
Sample Date 1/13/2016 1/14/2016 1/14/2016
Time 19:49 14:08 22:04
Elapsed Time (min) 332 1231 1907
Normalized Time 0.14 0.52 0.80
Laboratory ID BRB701 BRB702 BRB703




is through the 
clean cap 
Volatile Organics by CG/MS (µg/m³)
Dichlorodifluoromethane (FREON 12) <       208 <    39.6 11.6
1,2-Dichlorotetrafluoroethane <       250 <    47.5 <    11.9
Chloromethane 7,650 594 71
Vinyl Chloride 122 <    10.2 <   2.56
Chloroethane 1,190 85.7 24.9
1,3-Butadiene 1,100 <    44.2 <    11.1
Trichlorofluoromethane  (FREON 11) <       236 <    44.9 <    11.2
Ethanol (ethyl alcohol) 6,120 1,220 235
Trichlorotrifluoroethane <       241 <    46.0 <    11.5
2-propanol 1,380 204 34.9
2-Propanone 41,500 4,820 964
Methyl Ethyl Ketone (2-Butanone) <       619 <       118 387
Methyl Isobutyl Ketone <       860 291 45.2
Methyl Butyl Ketone (2-Hexanone) <       860 1,550 332
Methyl t-butyl ether (MTBE) <       151 <    28.8 <   7.21
Ethyl Acetate <       757 <       144 <    36.0
1,1-Dichloroethylene <    83.3 <    15.9 <   3.96
cis-1,2-Dichloroethylene <    83.3 <    15.9 <   3.96
trans-1,2-Dichloroethylene <    83.3 <    15.9 <   3.96
Methylene Chloride(Dichloromethane) <       584 <       111 <    36.1
Chloroform <       103 <    19.5 <   4.88
Carbon Tetrachloride <       132 <    25.2 <   6.29
1,1-Dichloroethane <    85.0 <    16.2 <   4.05
1,2-Dichloroethane <    85.0 <    16.2 <   4.05
Ethylene Dibromide <       161 <    30.7 <   7.68
1,1,1-Trichloroethane <       115 <    21.8 <   5.46
1,1,2-Trichloroethane <       115 <    21.8 <   5.46
1,1,2,2-Tetrachloroethane <       144 <    27.5 <   6.87
cis-1,3-Dichloropropene <    95.3 <    18.2 <   4.54
trans-1,3-Dichloropropene <    95.3 <    18.2 <   4.54
1,2-Dichloropropane <    97.0 <    18.5 <   4.62
Bromomethane 145 <    15.5 <   3.88
Bromoform <       434 <    82.7 <    20.7
Bromodichloromethane <       281 <    53.6 <    13.4
Dibromochloromethane <       358 <    68.1 <    17.0
Trichloroethylene 1,830 617 234
Tetrachloroethylene 150 134 108
Benzene 13,900 5,260 1,210
Toluene 6,340 6,950 2,610
Ethylbenzene 533 1,530 1,120
p+m-Xylene 1,530 6,390 3,920
o-Xylene 759 3,090 2,470
Styrene 123 636 802
4-ethyltoluene <       516 228 368
1,3,5-Trimethylbenzene <       516 301 601
Sample ID IBU-01-V1/1402 IBU-01-V2/1319 IBU-01-V3/1479
Sample Date 1/13/2016 1/14/2016 1/14/2016
Time 19:49 14:08 22:04
Elapsed Time (min) 332 1231 1907
Normalized Time 0.14 0.52 0.80
Laboratory ID BRB701 BRB702 BRB703




is through the 
clean cap 
1,2,4-Trimethylbenzene <       516 354 793
Chlorobenzene 149 405 175
Benzyl chloride <       544 <       104 <    25.9
1,3-Dichlorobenzene <       505 <    96.2 <    24.0
1,4-Dichlorobenzene <       126 <    24.0 <   6.01
1,2-Dichlorobenzene <       126 <    24.0 <   6.01
1,2,4-Trichlorobenzene <       779 <       148 <    37.1
Hexachlorobutadiene <      1120 <       213 <    53.3
Hexane 3,480 1,150 191
Heptane 6,330 2,580 362
Cyclohexane 2,990 609 94
Tetrahydrofuran <       248 52.4 <    11.8
1,4-Dioxane <       757 <       144 36.9
Naphthalene <       550 <       105 <    26.2
Total Xylenes 2,290 9,830 6,380
1,1,1,2-Tetrachloroethane <       144 <    27.5 <   6.87
Vinyl Bromide <       184 <    35.0 <   8.75
Propene 20,700 6,750 1,180
2,2,4-Trimethylpentane <       196 <    37.4 <   9.34
Carbon Disulfide 4,630 675 47
Vinyl Acetate <       148 <    28.2 <   7.04
Volatile Organic Hydrocarbons (µg/m³)
Aliphatic >C5-C6 7,850 1,640 256
Aliphatic >C6-C8 36,000 18,500 2,720
Aliphatic >C8-C10 20,400 51,400 24,700
Aliphatic >C10-C12 1,820 1,690 1,830
Aliphatic >C12-C16 <1100 <200 <50
Aromatic >C7-C8 (TEX Excluded) <1100 <200 <50
Aromatic >C8-C10 <1100 5,360 5,920
Aromatic >C10-C12 <1100 645 1,450
Aromatic >C12-C16 <1100 <200 <50
IBU-01-03 IBU-01-07 IBU-01-07
NS5061 NZ6191 DUP NZ6191
mm
4.75 100 98.2 93.2
2 88.4 86.6 86.6
0.85 76.7 73.6 76.4
0.425 67.7 63 68.4
0.15 51.6 48.4 51.6
0.075 41.5 40.3 43.2
0.0498 15.8 15.1 15
0.029 11.5 11.9 11.8
0.016 10.1 9.7 9.6
0.0092 7.2 6.5 6.4
0.0054 4.3 4.6 5.4
0.0031 4.3 4.3 4.3
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Hot Pad Test 3 – IBU using BWI soil and sludge: Photo summary 
 
Figure 1 Contaminated soil mound, 30 cm in height 
 
 
Figure 2 Clean cap, 20 cm above contaminated layer 
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Figure 3 Top of the clean cap after treatment 
 
 
Figure 4 Cross-section at 30 cm, original top of the contaminated pack 
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Figure 5 Cross-section at 20 cm, treated soil beings to appear in the middle 
 
 
Figure 6 Cross-section at 15 cm, full-treated soil in the middle 
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Figure 7 Excavated clean cap to reveal the char layer around the treated soil 
 
Figure 8 Char band thickness radially from the treated zone, about 11” consistently throughout the soil pile 
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Figure 9 Treated soil mound 
 
 







      - weathered sludge
Surrogate
        - site soils full grain distribution
Saturation 40 % (9% 
oil/sand)
Height of Sand and Oil Mix 1 ft 0.3 m
Mass of Sand and Oil Mix NA lb NA kg
Height of Clean Cap Layer 0.5 ft 0.2 m
Total Height in Reactor 1.5 ft 0.5 m
Total Height Measured After Test 1.5 ft 0.5 m
Settling During Test -- ft -- m
Mass of Oil Added 95 lb 43.1 kg
Volume of Oil Mist Condensate 0 L
Mass of Oil Mist & Particulates NA lb NA kg
Process Air Rate during heating 52 scfm
Process Air Rate during combustion 52/75 scfm
Process Air Rate during cooling 85 scfm
Times:
Loading Time 10 hr
Process Air ON 1/26/2016 13:25 -5 min -0.08 hr
Heater ON 1/26/2016 13:30 0 min 0.00 hr
Combustion Started (CO > 30 ppm) 1/26/2016 14:45 75 min 1.25 hr
Air to 75 scfm 1/27/2016 9:16 1186 min 19.77 hr
Heater OFF 1/27/2016 14:30 1500 min 25.00 hr
Heater ON 1/27/2016 15:45 1575 min 26.25 hr
Heater OFF (final) 1/28/2016 9:22 2632 min 43.87 hr
Air to 85 scfm 1/28/2016 11:22 2752 min 45.87 hr
Combustion finished (CO <30ppm) 1/28/2016 12:05 2795 min 46.58 hr
Unloading Time hr





























































































































































Elapsed Time (min) ["0" = Heater ON]
Test P3 Thermocouple Summary by Height
A B C A B C
452.814 432.359 439.323 452.801 419.366 427.869
D 472.658 445.509 456.589 F D 458.043 425.528 446.888 F
486.036 465.463 463.913 479.532 460.978 454.105
G H I G H I
A B C A B C
454.503 422.991 432.4 455.077 406.325 420.528
D 454.337 445.559 443.092 F D 440.053 427.228 371.861 F
478.568 455.194 457.177 461.372 373.895 450.696





A B C A B C
392.33 368.231 396.842 259.207 292.822 300.369
D 404.426 424.53 295.88 F D 317.926 371.74 168.283 F
422.269 442.787 380.481 333.829 288.835 300.591
G H I G H I
A B C A B C
80.442 145.176 127.744 66.963 63.884 58.723
D 175.706 298.927 74.419 F D 80.601 180.524 61.105 F
152.323 126.339 113.274 62.204 67.644 66.614





A B C A B C
67.694 62.684 56.783 67.539 65.173 58.623
D 65.822 Broken 64.575 F D 65.388 95.528 64.585 F
59.513 65.784 65.475 60.779 65.547 62.405
G H I G H I
Min 20 100 200 300 400 500 600 700
Max 100 200 300 400 500 600 700 800
















































Elapsed Time (min) ["0" = Heater ON]
Test P4 CEMS Data
























































Test P4 Mass Loss (~43kg of Tank Bottoms added; Darcy flux = 1.5cm/s)
Mass Removal Rate (kg/min) Normalized Cummulative Mass Removed
Test P4 Soil Analytical
Sample ID IBU-02-03 IBU-02-04 IBU-02-05 IBU-02-06 IBU-02-07 IBU-02-08 IBU-02-09 IBU-02-10 IBU-02-11
Sample Date 01/25/16 01/25/16 02/04/16 02/04/16 02/04/16 02/04/16 02/04/16 02/04/16 02/04/16
Time 11:00 11:30 9:00 9:05 9:10 9:30 9:45 10:00 10:15
Laboratory ID BSL019 BSL020 BUN209 BUN210 BUN211 BUN212 BUN213 BUN214 BUN215
Description / Location
   Loading batch 1, 55lbs of 
sludge with 300 lbs of soil
Loading batch 2, 40 
lbs of sludge for 300 
lbs of soil
Center of the top of 
clean cap.  Mix of 
wet and dry soils
C-bundle 
insertation on 
clean cap.  Wet 
area
Clean, dry area of 
the cap near the H 
insertation
Center of the pile, 
30cm from screen, 
very dark soil
Center of the 
pile, 15cm 
above screen, 
mix of clean 
and dark soil
Center of the 




Center of the 
pile, 5cm above 
screen, clean 
soil
Moisture Content (%) 6.2 6.1 5.8 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
VOCs (µg/g)
Benzene 130 110 0.11 <0.020 0.029 0.042 0.66 1.5 1.4
Toluene 470 410 0.13 0.028 0.32 0.026 0.18 0.21 0.27
Ethylbenzene 110 92 0.11 0.025 0.41 <0.020 0.022 <0.020 0.056
o-Xylene 150 120 0.2 0.045 0.67 <0.020 0.055 0.021 0.062
p+m-Xylene 390 340 0.4 0.093 1.9 <0.040 0.14 <0.040 0.17
Total Xylenes 540 460 0.6 0.14 2.5 <0.040 0.19 <0.040 0.23
TPH Fractions (µg/g)
F1 (C6-C10) 13,000 12,000 27 <10 <10 <10 <10 <10 <10
F1 (C6-C10) - BTEX 11,000 11,000 26 <10 <10 <10 <10 <10 <10
F2 (C10-C16 Hydrocarbons) 14,000 12,000 33,000 1,300 22 73 13 <10 <10
F3 (C16-C34 Hydrocarbons) 27,000 24,000 15,000 24,000 <50 21,000 410 <50 <50
F4 (C34-C50 Hydrocarbons) 13,000 11,000 250 110 <50 5,700 490 <50 <50
F4G Gravimetric N/A N/A N/A N/A N/A N/A 870 N/A N/A
Total Petroleum Hydrocarbons (µg/g) 67,000 59,000 48,277 25,310 132 26,783 1,303 <120 <120
Notes:
N/A - Analysis not applied
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - Total petroleum hydrocarbon
Post-TestPre-Test
IBU-02-01 IBU-02-01 IBU-02-02 IBU-02-12 IBU-02-13
OA9909-01 DUP OA9909-01 OA9910-01 OC0337 OC0338
mm BWI fines Duplicate BWI fines and virgin soil




4.75 99.9 100 97.9 97.8 100
2 99.9 100 88.7 92.6 91.1
0.85 99 99.2 84.3 87.9 86.2
0.425 91.1 90 76.2 79.3 76.3
0.15 68.7 64.8 57.9 62.1 57.3
0.075 46.8 44.1 47 44.1 46.6
0.0498 34.1 35.2 23.8 15.4 14.3
0.029 28.2 29.1 17.3 11 9.9
0.016 23.5 24.3 10.8 6.6 7.7
0.0092 20 20.6 8.7 4.4 5.5
0.0054 16.4 17 6.5 3.3 4.4
0.0031 12.9 13.3 4.3 2.2 3.3
0.0016 11.7 12.1 4.3 2.2 2.2
65.2 64.5 82.9 83.8 84.8
22.5 23.1 12.1 13.8 12.5
12.1 12.5 4.9 2.4 2.7
silt
clay
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Test P4 – IBU using BWI soil and fines: Photo summary 
 
Figure 1 Contaminated soil mound, 30 cm in height 
 
 
Figure 2 Clean cap, 20 cm above contaminated layer 
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Figure 3 Top of the clean cap after treatment 
 
 
Figure 4 Cross-section at 30 cm, original top of the contaminated pack 
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Figure 5 Cross-section at 20 cm 
 
 
Figure 6 Cross-section at 15 cm, some treated soil appearing in spots 
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Figure 7 Cross section at 10 cm, almost all treated soil with some patches of untreated area 
 
Figure 8 Cross section at 5 cm, all treated soil except at the clean cap/contaminated soil interface in the corners 
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      - Tank bottoms
Surrogate
        - virgin site soil + screened fines (2:1 ratio)
Saturation 40 % (9% 
oil/sand)
Height of Sand and Oil Mix 1 ft 0.3 m
Mass of Sand and Oil Mix 2,944 lb NA kg
Height of Clean Cap Layer 1 ft 0.3 m
Total Height in Reactor 2 ft 0.6 m
Total Height Measured After Test ft 0.0 m
Settling During Test -- ft -- m
Mass of Oil Added 243 lb 110.2 kg
Volume of Oil Mist Condensate 19 L
Mass of Oil Mist & Particulates NA lb NA kg
Process Air Rate during heating 52 scfm
Process Air Rate during combustion 52 scfm
Process Air Rate during cooling 52 scfm
Times:
Loading Time 3/18/2015 8 hr
Process Air ON 3/28/2016 9:30 -5 min -0.08 hr
Heater ON 3/28/2016 9:35 0 min 0.00 hr
Combustion Started (CO > 30 ppm) 3/28/2016 10:45 70 min 1.17 hr
Heater OFF 3/28/2016 14:45 310 min 5.17 hr
Combustion finished (CO <30ppm) 3/30/2016 1:45 2410 min 40.17 hr
Unloading Time hr































































































































































A B C A B C
461.237 451.616 450.514 497.783 487.818 518.982
D 472.914 458.197 449.182 F D 498.344 496.221 504.419 F
463.901 474.462 441.539 486.648 501.218 469.826
G H I G H I
A B C A B C
511.581 507.345 567.622 491.497 503.49 526.843
D 503.606 484.206 500.309 F D 499.525 514.579 501.408 F
506.844 520.573 467.379 617.273 524.439 441.348





A B C A B C
534.292 399.982 557.501 562.328 534.377 578.567
D 495.053 513.695 493.496 F D 497.445 502.429 425.191 F
574.926 513.572 455.177 549.426 521.933 510.388
G H I G H I
A B C A B C
270.314 440.101 426.456 376.078 410.579 322.791
D 441.961 478.435 408.77 F D 412.25 425.812 216.653 F
424.838 418.916 555.225 319.686 400.35 485.812





A B C A B C
272.127 316.648 180.786 96.566 147.091 57.497
D 350.992 Broken 346.633 F D 195.469 413.475 163.73 F
196.787 315.039 392.58 62.198 120.016 346.104
G H I G H I
Min 20 100 200 300 400 500 600 700
Max 100 200 300 400 500 600 700 800















































Elapsed Time (min) ["0" = Heater ON]
Test P5 CEMS Data
VOCs (ppm CH4) CO (ppm)
CH4 (ppm) Heater ON
Combustion Started (CO > 30 ppm) Heater OFF
























































Test P5 Mass Loss (~110kg of Tank Bottoms added; Darcy flux = 1.0cm/s)
Test P5 Soil Analytical
Sample ID HP-IBU3-02 HP-IBU3-02 Lab-Dup HP-IBU3-04
Sample Date 03/18/2016 03/18/2016 03/18/2016
Time 10:00 10:00 10:00
Laboratory ID CBB900 CBB900 CBB902
Description / Location Batch 1 mix Batch 6 mix
Moisture Content (%) 6.6 NA 6.4
VOCs (µg/g)
Benzene 230 190 130
Toluene 670 600 430
Ethylbenzene 200 170 120
o-Xylene 270 230 170
p+m-Xylene 750 670 470
Total Xylenes 1,000 900 640
TPH Fractions (µg/g)
F1 (C6-C10) 14,000 13,000 11,000
F1 (C6-C10) - BTEX 12,000 12,000 9,500
F2 (C10-C16 Hydrocarbons) 22,000 NA 14,000
F3 (C16-C34 Hydrocarbons) 46,000 NA 29,000
F4 (C34-C50 Hydrocarbons) 24,000 NA 14,000
F4G Gravimetric 53,000 60,000 41,000
Total Petroleum Hydrocarbons (µg/g) 135,000 NA 95,000
Notes:
N/A - Analysis not applied
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - Total petroleum hydrocarbon
Pre-Test





















Total Petroleum Hydrocarbons (µg/g)
Notes:
N/A - Analysis not applied
Bold - analyte detected
< - analyte not detected; associated value is de
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - Total petroleum hydrocarbon
HP-IBU3-05 HP-IBU3-06 HP-IBU3-07 HP-IBU3-09 HP-IBU3-10 HP-IBU3-11 HP-IBU3-11 Lab Dup HP-IBU3-13
04/06/16 04/06/16 04/06/16 04/06/16 04/06/16 04/06/16 04/06/16 04/06/16
9:00 9:30 9:45 10:00 10:15 10:30 10:30 11:00
CDM401 CDM402 CDM403 CDM404 CDM405 CDM406 CDM406 CDM407
"Dirty" clean cap 
from the top of the 
pile
Hard crust from the 
top of the pile
Soft dark material 
just below the hard 
crust











From dirty crust at 
the edge near the G 
thermocouple
<1.0 <1.0 <1.0 <1.0 <1.0 <1.0 NA <1.0
<0.020 <0.020 <0.020 <0.020 0.14 0.12 0.12 0.028
<0.020 0.063 <0.020 <0.020 0.13 0.31 0.33 0.071
<0.020 <0.020 <0.020 <0.020 <0.020 0.066 0.071 <0.020
<0.020 <0.020 <0.020 <0.020 <0.020 0.056 0.061 0.037
<0.040 <0.040 <0.040 <0.040 <0.040 0.15 0.16 0.075
<0.040 <0.040 <0.040 <0.040 <0.040 0.21 0.22 0.11
<10 <10 <10 <10 <10 <10 <10 <10
<10 <10 <10 <10 <10 <10 <10 <10
110 13 <10 <10 <10 <10 N/A 2,700
12,000 230 <50 <50 <50 <50 N/A 54,000
160 81 <50 <50 <50 <50 N/A 3,400
NA NA NA NA NA NA NA NA
12,270 324 <120 <120 <120 <120 <120 60,100
Post-Test
HP-IBU3-01 HP-IBU3-03 HP-IBU3-12 HP-IBU3-14
3/18/2016 3/18/2016 3/14/2016 4/14/2016
OI2524-01 OI2525-01 OK9219-01 OK9220-01
Particle Size (mm)
4.75 91.5 98.7 83.6 93.4
2 84.9 90.5 74.3 87
0.85 80.2 85.4 68.6 73.6
0.425 69.9 76.3 59.6 61.5
0.15 51.4 53.3 38.3 38.4
0.075 37.7 41.5 26.4 26
0.0498 29.1 32.9 16.3 21.9
0.029 24.9 28.3 12.5 16.7
0.016 20.8 24.9 9.6 13.5
0.0092 17.6 21.5 7.7 10.4
0.0054 14.5 18.1 5.8 7.3
0.0031 12.5 15.9 2.9 3.1
0.0016 9.3 13.6 1 1
65.5 63.4 78.3 75
22.6 20.9 19.8 23.2






































































Sample ID HP-IBU3-V01 HP-IBU3-V02 HP-IBU3-V03 HP-IBU3-V05 HP-IBU3-V06 HP-IBU3-V07 HP-IBU3-V08 HP-IBU3-V09 HP-IBU3-V10
Laboratory ID CBZ477 CBZ478 CCD707 CCD709 CCD710 CCD711 CCD712 CCD713 CCD714
Sample Time 12:01 14:00 17:07 20:03 22:06 0:01 2:01 4:01 6:07
Normalized Time 0.075 0.124 0.199 0.274 0.324 0.373 0.423 0.473 0.523
Sample Date 3/28/2016 3/28/2016 3/28/2016 3/28/2016 3/28/2016 3/29/2016 3/29/2016 3/29/2016 3/29/2016
Gas (ppmv)
Hydrogen sulfide <0.60 0.8 1.3
Carbonyl sulfide 1.2 0.9 0.9
Methyl mercaptan <0.40 <0.40 <0.20
Ethyl mercaptan <0.40 <0.40 <0.20
1- Propyl mercaptan <0.50 <0.50 <0.20
Dimethyl sulfide <0.40 <0.40 <0.20
Methyl ethyl sulfide <0.40 <0.40 <0.40
Dimethyl disulfide <0.20 <0.20 <0.20
Sulphur dioxide <0.40 <0.40 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50
Carbon Disulfide <0.20 <0.20 <0.20
Notes:
Bold - analyte detected
< - analyte not detected; associated value is detection limit


















Bold - analyte detected
< - analyte not detected
ppmv - parts per million 
HP-IBU3-V11 HP-IBU3-V12 HP-IBU3-V13 HP-IBU3-V14 HP-IBU3-V16 HP-IBU3-V17 HP-IBU3-V18 HP-IBU3-V19 HP-IBU3-V20
CCD715 CCD716 CCD717 CCD718 CCI941 CCI942 CCI943 CCI944 CCI945
8:00 10:00 11:59 13:57 18:06 20:02 21:59 0:01 2:02
0.573 0.622 0.672 0.722 0.822 0.871 0.921 0.971 1.021









<0.50 0.7 0.9 1.1 <0.40 <0.40 <0.40 <0.40 <0.40
<0.20
Sample ID HP-IBU3-V01 HP-IBU3-V02 HP-IBU3-V03 HP-IBU3-V04 HP-IBU3-V05 HP-IBU3-V06 HP-IBU3-V07 HP-IBU3-V08 HP-IBU3-V09 HP-IBU3-V10
Laboratory ID CCD774-01R CCD775-01R CCD776-01R CCD777-01R CCD778-01R CCD779-01R CCD780-01R CCD781-01R CCD782-01R CCD783-01R
Sample Time 12:11 14:03 16:18 18:07 20:06 22:09 0:03 2:04 4:14 6:11
Normalized Time 0.07 0.12 0.17 0.22 0.27 0.32 0.37 0.42 0.47 0.52
Sample Date 3/28/2016 3/28/2016 3/28/2016 3/28/2016 3/28/2016 3/28/2016 3/29/2016 3/29/2016 3/29/2016 3/29/2016
Gas (ppmv)
NO (ug) 20 20 13 6.4 2.5 <2 <2 <2 <2 <2
NOx (ug) <3 <3 <3 <3 <3 <3 <3 <3 <3 <3
Gas (mg/m3)
NO (mg/m3) 13 8.8 5.9 2.8 1.1 <0.89 <0.89 <0.89 <0.89 <0.89
NOx (mg/m3) <2 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Gas (ppm)
NO (ppm) 11 7.2 4.8 2.3 0.91 <0.72 <0.72 <0.72 <0.72 <0.72
NOx (ppm) <1.1 <0.71 <0.71 <0.71 <0.71 <0.71 <0.71 <0.71 <0.71 <0.71
Notes:
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg - micrograms
mg/m3 - milligrams per cubic meter
















Bold - analyte detect
< - analyte not detect
µg - micrograms
mg/m3 - milligrams pe
ppm - parts per millio
HP-IBU3-V11 HP-IBU3-V12 HP-IBU3-V13 HP-IBU3-V14 HP-IBU3-V15 HP-IBU3-V16 HP-IBU3-V17 HP-IBU3-V18 HP-IBU3-V19 HP-IBU3-V20
CCD784-01R CCD785-01R CCJ670-01R CCJ671-01R CCJ672-01R CCJ673-01R CCJ674-01R CCJ675-01R CCJ676-01R CCJ677-01R
8:02 10:00 11:59 13:59 16:15 18:08 20:03 22:01 0:03 2:02
0.57 0.62 0.67 0.72 0.77 0.82 0.87 0.92 0.97 1.02
3/29/2016 3/29/2016 3/29/2016 3/29/2016 3/29/2016 3/29/2016 3/29/2016 3/29/2016 3/30/2016 3/30/2016
<2 <2 <2 2.3 <2 <2 <2 <2 <2 <2
<3 <3 <3 <3 <3 <3 <3 <3 <3 <3
<0.89 <0.89 <0.02 0.023 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
<1.3 <1.3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
<0.72 <0.72 <0.016 0.019 <0.016 <0.016 <0.016 <0.016 <0.016 <0.016
<0.71 <0.71 <0.016 <0.016 <0.016 <0.016 <0.016 <0.016 <0.016 <0.016
Sample ID HP-IBU3-V02 HP-IBU3-V06 HP-IBU3-V09 HP-IBU3-V13 HP-IBU3-V16

















Sample Time 14:03 22:09 4:14 11:59 18:08
Elapsed Time (min) 268 754 1119 1584 1953
Normalized Time 0.12 0.32 0.47 0.67 0.82
Sample Date 3/28/2016 3/28/2016 3/29/2016 3/29/2016 3/29/2016
Volatile Organics (µg/m 3 )
Aliphatic >C6-C8 292,000 45,500 23,200 16,600 7,010
Aliphatic >C8-C10 244,000 15,000 32,700 16,100 6,080
Aromatic >C8-C10 22,200 2,940 6,250 2,720 549
Aliphatic >C10-C12 <2600 919 39,000 29,600 8,650
Aromatic >C10-C12 <2600 <730 11,900 7,540 1,830
Aliphatic >C12-C16 <2600 <730 8,420 17,500 12,200
Aromatic >C12-C16 <2600 <730 967 2,620 1,510
Air (ppmv)
Non-methane hydrocarbons 2,700 850 510 400 150
Gas (ppm)
Methane 120 79 23 14 9
Ethane 36 25 7 5 2
Ethylene 23 12 3 3 1
Acetylene 0.33 <0.2 <0.2 <0.18 <0.17
Propane 20 16 5 4 2
Propene 27 15 4 2 1
Propyne <0.42 <0.4 <0.4 <0.36 <0.34
n-Butane 14 12 4 4 2
n-Pentane 14 10 3 3 1
Volatile Organics (ppbv)
Dichlorodifluoromethane (FREON 12) <100 <29 <12 <8.6 3
Chloromethane 492 114 27 21 7
Trichlorofluoromethane  (FREON 11) <100 <29 <12 <8.6 <2.2
Methylene Chloride(Dichloromethane) <420 <120 <46 <34 <9.0
Chloroform <52 <15 <5.8 <4.3 <1.1
Carbon Tetrachloride <52 <15 <5.8 <4.3 <1.1
Bromomethane <52 <15 <5.8 <4.3 <1.1
Bromoform <100 <29 <12 <8.6 <2.2
Bromodichloromethane <100 <29 <12 <8.6 <2.2
Dibromochloromethane <100 <29 <12 <8.6 <2.2
Carbon Disulfide <260 <73 <29 <21 <5.6
1,2-Dichlorotetrafluoroethane <89 <25 <9.9 <7.3 <1.9
Vinyl Chloride <52 <15 <5.8 <4.3 <1.1
Chloroethane <160 <44 <17 <13 5
Ethanol (ethyl alcohol) 967 5,090 2,810 3,610 2,370
Trichlorotrifluoroethane <78 <22 <8.7 <6.4 <1.7
1,1-Dichloroethylene <52 <15 <5.8 <4.3 <1.1
cis-1,2-Dichloroethylene <52 <15 <5.8 <4.3 <1.1
trans-1,2-Dichloroethylene <52 <15 <5.8 <4.3 <1.1
1,1-Dichloroethane <52 <15 <5.8 <4.3 <1.1
1,2-Dichloroethane <52 <15 <5.8 <4.3 <1.1
Ethylene Dibromide <52 <15 <5.8 <4.3 <1.1
1,1,1-Trichloroethane <52 <15 <5.8 <4.3 <1.1
1,1,2-Trichloroethane <52 <15 <5.8 <4.3 <1.1
1,1,2,2-Tetrachloroethane <52 <15 <5.8 <4.3 <1.1
Trichloroethylene <52 <15 <5.8 <4.3 19
Tetrachloroethylene <52 <15 <5.8 <4.3 1
Sample ID HP-IBU3-V02 HP-IBU3-V06 HP-IBU3-V09 HP-IBU3-V13 HP-IBU3-V16

















Sample Time 14:03 22:09 4:14 11:59 18:08
Elapsed Time (min) 268 754 1119 1584 1953
Normalized Time 0.12 0.32 0.47 0.67 0.82
Sample Date 3/28/2016 3/28/2016 3/29/2016 3/29/2016 3/29/2016
1,1,1,2-Tetrachloroethane <52 <15 <5.8 <4.3 <1.1
Vinyl Bromide <100 <29 <12 <8.6 <2.2
2-propanol <520 1,270 694 770 438
2-Propanone 4,900 8,530 3,460 4,460 2,950
cis-1,3-Dichloropropene <52 <15 <5.8 <4.3 <1.1
trans-1,3-Dichloropropene <52 <15 <5.8 <4.3 <1.1
1,2-Dichloropropane <52 <15 <5.8 <4.3 <1.1
Propene 40,100 22,600 5,730 3,180 1,300
1,3-Butadiene <2600 <820 <200 <130 <39
Methyl Ethyl Ketone (2-Butanone) 2,160 6,120 2,780 1,550 808
Ethyl Acetate <520 <150 <58 <43 <11
Hexachlorobutadiene <260 <73 <29 <21 <5.6
Tetrahydrofuran <210 93 63 <110 <45
1,4-Dioxane <520 <150 <58 <43 <11
Vinyl Acetate <170 <88 <29 <43 <17
Methyl t-butyl ether (MTBE) <100 <29 <12 <8.6 <2.2
Methyl Isobutyl Ketone <520 <150 62 <43 <34
Methyl Butyl Ketone (2-Hexanone) <520 <150 366 172 181
Benzene 9,570 2,000 945 553 141
Chlorobenzene 83 17 7 <4.3 <1.1
1,3-Dichlorobenzene <210 <58 <23 <17 <4.5
1,4-Dichlorobenzene <52 <15 <5.8 <4.3 <1.1
1,2-Dichlorobenzene <52 <15 <5.8 <4.3 <1.1
1,2,4-Trichlorobenzene <260 <73 <29 <21 <5.6
Hexane 6,390 4,860 1,930 1,610 498
Cyclohexane 1,290 287 115 <73 <28
Toluene 37,500 1,760 931 268 128
Benzyl chloride <260 <73 <29 <21 <5.6
Heptane 12,600 4,490 2,680 1,090 437
Ethylbenzene 5,530 376 248 83 17
p+m-Xylene 12,500 881 579 203 37
o-Xylene 2,810 408 440 158 21
Styrene 64 85 105 42 7
2,2,4-Trimethylpentane <100 <29 <12 <8.6 <2.2
4-ethyltoluene <260 <73 87 43 9
1,3,5-Trimethylbenzene <260 <73 125 39 6
1,2,4-Trimethylbenzene <260 <73 342 158 27
Naphthalene <260 <73 87 112 17
Total Xylenes 15,300 1,290 1,020 361 57
Notes:
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg/m3 - micrograms per cubic meter
VOC - volatile organic compound
ppm - Parts per million
ppb - Parts per billion
"undiluted" - leaks from the vapour capture tarp are not quantified but assumed minimal
Hot Pad Test 5 – IBU using BWI soil and fines: Photo summary 
 
Figure 1: Contaminated soil mound which is 30 cm in height and placed over the screened area. 
 
 
Figure 2: Pre operation clean cap with viewing windows and thermocouples installed. 
 




Figure 4: Viewpoint of the soil pile from the installed viewing window. 
 




Figure 6: Removal of loose clean cap on surface (about 5 cm of loose granular sand). 
 
Figure 7: All loose clean cap sand removed, a dome of crust made from the clean cap remains. 
 
 
Figure 8: Sections of the crust removed to measure thickness. 
 
Figure 9: Crust thickness generally ranged from 4 cm to 10 cm. 
 
 
Figure 10: Removing the outer crust from the soil pile to access soil pile below. 
 
Figure 11: Crust removed from the very top of the dome. 
 
 
Figure 12: Thin layer of dark loose sand removed to expose layer of clean cap. 
 
 
Figure 13: Entire right side of crust dome removed from soil pile. 
 
 
Figure 14: Dome of crust completely removed and residual dark granular sand removed. 
 
 
Figure 15: Cross section of the soil pile height of 40 cm. 
 
 
Figure 16: Cross section of the soil pile at a height of 30 cm. 
 
 
Figure 17: Cross section of the soil pile at a height of 10 cm. 
 
 
Figure 18: Cross section of the soil pile at a height of 5 cm. 
 
 
Figure 19: Complete excavation of sand over the plenum reveals a small ring of crust, which was about 10 cm outside the 
extents of the plenum.  
Appendix 3: Field-Scale Test Summaries
190
TABLE E-1 TOTAL PETROLEUM HYDROCARBONS ANALYSIS Chevron 
Hottpad Field Demonstration
Sample ID Bucket 5-1 Bucket 5-2 Bucket 5-3 Bucket 6-1 Bucket 6-2 Bucket 6-3
Sample Date 01-Nov-16 01-Nov-16 01-Nov-16 01-Nov-16 01-Nov-16 01-Nov-16
Description / Location
Sludge from Sludge Pond 
before dewatering; samples 
taken from excavator bucket
Sludge from Sludge Pond 
before dewatering; samples 
taken from excavator bucket
Sludge from Sludge Pond 
before dewatering; samples 
taken from excavator bucket
Sludge from Sludge Pond 
before dewatering; samples 
taken from excavator bucket
Sludge from Sludge Pond 
before dewatering; samples 
taken from excavator bucket
Sludge from Sludge Pond 
before dewatering; samples 
taken from excavator bucket
Moisture Content (%) N/A N/A N/A N/A N/A N/A
VOCs (µg/g)
Benzene <0.0587 <0.0602 <0.0604 <0.0606 <0.0590 <0.0592
Toluene <0.154 0.177 <0.158 0.185 <0.154 <0.155
Ethylbenzene <0.0784 <0.0805 <0.0807 <0.0809 <0.0788 <0.0791
Total Xylenes <0.313 <0.321 <0.322 <0.323 <0.314 <0.316
TPH Fractions (µg/g)
TPH C6-C9 <17.1 <17.5 <17.6 <17.6 <17.2 <17.2
TPH C10-C14 594 397 550 275 588 334
TPH C15-C28 37,300 44,400 40,400 41,500 70,400 37,300
TPH C29-C36 14,200 16,200 14,800 17,400 24,800 15,200
Total Petroleum Hydrocarbons (µg/g) 52,094 60,997 55,750 59,175 95,788 52,834
Sample ID Sludge 01 + Sludge 02 Sludge 03 SS-1 + SS-2 SS-3 + SS-4
Sample Date 11-Nov-16 11-Nov-16 17-Nov-16 17-Nov-16
Description / Location
Sludge from Sludge Pond - 
composite of samples 
Sludge 01 and Sludge 02
Sludge from Sludge Pond
Sludge from Secondary 
Separator - composite of 
samples SS-1 and SS-2
Sludge from Secondary 
Separator - composite of 
samples SS-3 and SS-4
Moisture Content (%) 47.3 46.9 84.6 83.8
VOCs (µg/g)
Benzene <0.0609 <0.0610 <0.0605 <0.0606
Toluene <0.159 <0.160 <0.158 <0.159
Ethylbenzene <0.0813 <0.0815 <0.0809 <0.0810
Total Xylenes <0.324 <0.325 0.973 <0.323
TPH Fractions (µg/g)
TPH C6-C9 <17.7 <17.8 123 115
TPH C10-C14 189 354 5,870 4,550
TPH C15-C28 17,400 27,900 28,500 27,000
TPH C29-C36 6,320 9,810 6,450 5,400
Total Petroleum Hydrocarbons (µg/g) 23,909 38,064 40,943 37,065
Notes:
N/A - analysis not applied
ND- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - total petroleum hydrocarbon
Primary Clarifer Sludge
Secondary Clarifier SludgePrimary Clarifer Sludge
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TABLE E-2 GRAIN SIZE DISTRIBUTION SUMMARY Chevron 
Hottpad Field Demonstration
S1 (Average) S1 Post-Test 1
S1 Post-Test 2 
(Average)
S1 Post-Test 3
 Pre Test 4 
(Average)





25 100 100 100 100 100 100 100
19 100 100 100 100 100 100 100
9.5 100 100 100 100 100 100 100
4.75 96.0 98.9 96.9 98.7 94.2 100 96.9
2 67.8 68.6 68.5 73 84.0 100 72.4
0.85 39.4 43.5 43.1 45.1 70.7 100 48.4
0.425 22.9 30.2 29.5 29.4 63.4 95 35.1
0.25 15.4 22.7 21.9 20.5 58.9 79 27.9
0.106 8.5 14.4 13.6 10.7 52.8 61 20.0
0.063 6.3 11.1 10.6 7.3 49.5 52 16.9
0.038 3.6 8.3 5.5 4.1 23.8 47 9.1
0.024 3.6 7 4.7 3.5 20.7 40 7.9
0.014 2.7 6.4 4.5 2.9 16.6 36 6.6
0.01 2.4 5.8 4.1 2.3 14.6 22 5.8
0.007 2.4 3.8 4.0 2.3 11.6 20 4.8
0.003 2.1 2.6 2.8 1.7 9.2 16 3.7
0.001 2.1 1.9 2.2 1.7 6.6 14 2.9
Gravel >2.0 mm
A 32.25 31.4 31.525 27.0 16.0 0.0 27.64
Sand  2.0-0.050 mm
A 62.88 58.96 60.53 67.36 47.86 50.84 59.52
Silt  0.050-0.002 mm
A,* 2.82 7.39 5.48 3.94 28.23 33.83 9.57
Clay   <0.002 mm
A,*
2.05 2.25 2.4625 1.7 7.9125 15.325 3.275
A

































 Pre Test 4
(Average)
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 Post Test 4 (Average) S1 (Average) S1 Post-Test 1 S1 Post-Test 2 (Average)
S1 Post-Test 3  Pre Test 4 (Average) Average GSD
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TABLE E-3 GRAIN SIZE DISTRIBUTION DATA Chevron 
Hottpad Field Demonstration
Soil-01 Soil-02 Soil-03 Soil-04 Soil-A1 Soil-A2 Soil-A3 Soil-A4 Soil-A1D
Sep-16
Particle Size (mm)
25 100 100 100 100 100 100 100 100 100
19 100 100 100 100 98 100 100 100 99
9.5 96.2 91.3 98.2 100 98 100 97.4 100 99
4.75 86.6 82.2 88.4 100 97.9 95.4 92.4 92.4 98.1
2 64.3 68.8 73.2 97 97.1 81.4 77.5 72.8 97.8
0.85 39.3 52.1 51.8 68.2 94.2 64.2 58.4 42.4 97.3
0.425 27.8 41.1 42.2 44 81 54.4 46.8 26.9 96.7
0.25 21.9 33.9 37.2 26.7 51.2 48.4 39.4 20.7 95.3
0.106 15.1 26.3 31.4 1.5 7.1 40.7 31 15.1 90.9
0.063 11.7 22.8 28.7 0.1 2.8 37.1 27.4 13.2 71.5
0.038 6.8 7 12.8 0 3.4 19.2 15 7.2 41.9
0.024 5.3 6.4 11.5 0 1.7 17.6 13.5 6.6 33.5
0.014 4.2 5.3 10.2 0 1.7 12.8 10.5 5.9 23
0.01 3.2 3.5 7.7 0 1.7 9.6 8.2 4.6 16.8
0.007 3.2 3.5 6.4 0 1.7 8 6 4 14.7
0.003 1.6 1.8 4.5 0 0.9 4.8 5.2 4 7.3
0.001 1.1 1.2 3.8 0 0.9 4 3 2.6 4.2
Gravel >2.0 mm
A 35.7 31.2 26.8 3 2.9 18.6 22.5 27.2 2.2
Sand 2.0-0.050 mm
A 55.15 54.22 52.77 96.95 93.99 53.61 56.55 62.72 41.69
Silt  0.050-0.002 mm
A,* 7.80 13.08 16.28 0.05 2.21 23.39 16.85 6.78 50.36
Clay  <0.002 mm
A,*
1.35 1.5 4.15 0 0.9 4.4 4.1 3.3 5.75
A
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TABLE E-3 GRAIN SIZE DISTRIBUTION DATA 
Chevron Hottpad Field Demonstration
TP-01 TP-02 TP-03 TP-04 TP-05 TP-06 TP-07 TP-08 TP-09
Particle Size (mm)
25 100 100 100 100 100 100 100 100 100
19 100 100 100 100 100 100 100 100 100
9.5 100 100 100 100 100 100 100 100 100
4.75 93.4 97.3 98.2 90.2 94 95.9 94.2 92 79.4
2 87.1 87.9 92.7 76.3 80.1 84.4 87.2 66.1 58
0.85 76.7 73.2 86.1 59.5 63.6 70.1 74.8 23.4 41.2
0.425 70.2 66.5 81.4 52.2 55.7 60.4 64.3 9.2 31.3
0.25 66.7 62.9 77.9 48.6 50.9 53.9 55.2 6.5 24.9
0.106 62 58.4 72.7 44.4 44.5 44.4 42.3 4.4 17.6
0.063 59.4 56.2 69 42 40.8 39.1 34.3 3.4 12.9
0.038 24.5 23.1 36.1 18.8 18.6 18.2 14.5 2.3 4.7
0.024 22 21.2 32.9 16.2 15.2 13.9 12.7 2.3 3.5
0.014 18.3 17.3 26.6 12.8 11.8 10.4 10 2.3 2.3
0.01 17.1 14.4 23.4 11.1 10.1 8.7 8.2 2.3 2.3
0.007 12.2 11.6 18.1 8.5 7.6 6.9 6.4 1.7 1.2
0.003 7.3 7.7 17 6.8 6.8 6.1 5.5 1.2 1.2
0.001 6.1 5.8 10.6 3.4 4.2 4.3 3.6 1.2 1.2
Gravel >4.75 mm
C 6.6 2.7 1.8 9.8 6 4.1 5.8 8 20.6
Sand 4.75-0.075 mm
C,* 33.27 40.49 28.17 47.53 52.17 55.32 57.67 88.32 65.19
Gravel >2.0 mm
B 12.9 12.1 7.3 23.7 19.9 15.6 12.8 33.9 42
Sand 2.0-0.063 mm
B 27.7 31.7 23.7 34.3 39.3 45.3 52.9 62.7 45.1
Silt  0.063-0.002 mm
B,* 52.7 49.45 55.2 36.9 35.3 33.9 29.75 2.2 11.7
Clay  <0.002 mm
B,*
6.7 6.75 13.8 5.1 5.5 5.2 4.55 1.2 1.2
Gravel >2.0 mm
A 12.9 12.1 7.3 23.7 19.9 15.6 12.8 33.9 42
Sand 2.0-0.050 mm
A 45.85 48.91 40.81 46.36 50.84 56.17 63.20 63.27 49.36
Silt  0.050-0.002 mm
A,* 34.55 32.24 38.09 24.84 23.76 23.03 19.45 1.63 7.44
Clay  <0.002 mm
A,*
6.7 6.75 13.8 5.1 5.5 5.2 4.55 1.2 1.2
C 
as per USCS Appendix B
B 
as per ISO 14688-1:2002
A




















C,* 40.58 36.53 3.68 14.21
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TABLE E-3 GRAIN SIZE DISTRIBUTION DATA 
Chevron Hottpad Field Demonstration
TP-10 TP-11 TP-12 Site Soil 01 Site Soil 02 S1 S1-Dup S1-01 S1-01 Dup
Particle Size (mm)
25 100 100 100 100 100 100 100 100 100
19 100 100 100 100 100 100 100 100 100
9.5 100 100 100 100 100 100 100 100 100
4.75 88.2 80.7 88.4 97.1 92.1 93.6 88.3 98.3 98.2
2 72.9 73 71.1 85.6 82.1 74.6 69.2 60.9 65.9
0.85 56.3 65.7 52.7 69.3 68.2 43.5 41 35.3 39.3
0.425 45.1 58.2 42.3 60.8 60.8 22.8 21.3 23 25.2
0.25 37.4 51.2 35.5 56.1 56.4 14.8 14 16 17.3
0.106 26.7 42.1 25.9 49.9 50.6 9.2 8.5 7.8 8.8
0.063 21.1 37.7 20.5 46.8 47.4 7.5 6.9 5 5.8
0.038 9.5 19.6 9.5 24 23.6 5.2 4.8 2 2.7
0.024 7.1 17.9 6.3 20.6 19.6 5.2 4.8 2 2.2
0.014 4.8 15.5 4 17.3 17.1 3.9 3.6 1.5 1.6
0.01 4.8 14.7 3.2 14 13.9 3.2 3 1.5 1.6
0.007 4.8 12.2 3.2 12.4 12.2 3.2 3 1.5 1.6
0.003 3.2 11.4 3.2 9.1 9 2.6 2.4 1.5 1.6
0.001 1.6 8.2 3.2 7.4 7.3 2.6 2.4 1.5 1.6
Gravel >4.75 mm
C 11.8 19.3 11.6 6.4 11.7 1.7 1.8
Sand 4.75-0.075 mm
C,* 65.54 41.77 66.39 85.63 80.95 92.52 91.56
Gravel >2.0 mm
B 27.1 27 28.9 25.4 30.8 39.1 34.1
Sand 2.0-0.063 mm
B 51.8 35.3 50.6 67.1 62.3 55.9 60.1
Silt  0.063-0.002 mm
B,* 18.7 27.9 17.3 4.9 4.5 3.5 4.2
Clay  <0.002 mm
B,*
2.4 9.8 3.2 2.6 2.4 1.5 1.6
Gravel >2.0 mm
A 27.1 27 28.9 14.4 17.9 25.4 30.8 39.1 34.1
Sand 2.0-0.050 mm
A 57.83 44.71 56.32 50.66 47.08 68.30 63.39 57.46 61.71
Silt  0.050-0.002 mm
A,* 12.67 18.49 11.58 26.69 26.87 3.70 3.41 1.94 2.59
Clay  <0.002 mm
A,*
2.4 9.8 3.2 8.25 8.15 2.6 2.4 1.5 1.6
C 
as per USCS Appendix B
B 
as per ISO 14688-1:2002
A
 as per ASTM D2487-11 (Maxxam)
* (linear interpolation)
S1
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TABLE E-3 GRAIN SIZE DISTRIBUTION DATA 
Chevron Hottpad Field Demonstration


















25 100 100 100 100 100 100 100 100
19 100 100 100 100 100 100 100 100
9.5 100 100 100 100 100 100 100 100
4.75 98.9 96.9 98.3 93 99.5 98.7 92.6 92.2
2 68.6 71.6 69.1 66.6 66.6 73 82.9 80.6
0.85 43.5 45.6 43.7 43.5 39.7 45.1 69.7 66.7
0.425 30.2 30.6 30.6 30.7 26.1 29.4 62.1 58.6
0.25 22.7 22.4 23 23.2 18.8 20.5 56.9 53.4
0.106 14.4 13.5 14.6 15.3 10.9 10.7 49.8 46.2
0.063 11.1 10.2 11.6 12.8 7.9 7.3 46.6 42.6
0.038 8.3 5.2 7.2 5.6 3.9 4.1 25.4 26
0.024 7 4.6 5.5 4.9 3.9 3.5 21.5 22.9
0.014 6.4 4.1 5 5.6 3.3 2.9 17.7 18.1
0.01 5.8 4.1 3.9 5.6 2.8 2.3 15.4 16.5
0.007 3.8 3.5 3.9 5.6 2.8 2.3 13.1 15
0.003 2.6 2.3 2.2 3.7 2.8 1.7 10 11.8
0.001 1.9 1.7 1.7 2.5 2.8 1.7 8.5 10.2
Gravel >4.75 mm
C 1.1 3.1 1.7 7 0.5 1.3 7.4 7.8
Sand 4.75-0.075 mm
C,* 86.88 85.78 85.86 79.50 90.76 90.45 45.11 48.60
Gravel >2.0 mm
B 31.4 28.4 30.9 33.4 33.4 27 17.1 19.4
Sand 2.0-0.063 mm
B 57.5 61.4 57.5 53.8 58.7 65.7 36.3 38
Silt  0.063-0.002 mm
B,* 8.85 8.2 9.65 9.7 5.1 5.6 37.35 31.6
Clay  <0.002 mm
B,*
2.25 2 1.95 3.1 2.8 1.7 9.25 11
Gravel >2.0 mm
A 31.4 28.4 30.9 33.4 33.4 27 17.1 19.4
Sand 2.0-0.050 mm
A 58.96 64.00 59.79 57.54 60.78 67.36 47.32 46.63
Silt  0.050-0.002 mm
A,* 7.39 5.60 7.36 5.96 3.02 3.94 26.33 22.97
Clay  <0.002 mm
A,*
2.25 2 1.95 3.1 2.8 1.7 9.25 11
C 
as per USCS Appendix B
B 
as per ISO 14688-1:2002
A
 as per ASTM D2487-11 (Maxxam)
* (linear interpolation)
12.02 11.12 12.44 13.50 8.74
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TABLE E-3 GRAIN SIZE DISTRIBUTION DATA 
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TABLE E-3 GRAIN SIZE DISTRIBUTION DATA






























Soil-01 Soil-02 Soil-03 Soil-04
Soil-A1 Soil-A2 Soil-A3 Soil-A4
Soil-A1D TP-01 TP-02 TP-03
TP-04 TP-05 TP-06 TP-07
TP-08 TP-09 TP-10 TP-11
TP-12 Site Soil 01 Site Soil 02 S1
S1-Dup S1-01 S1-01 Dup S1 Post-Test 1
S1 Post-Test 2-01 S1 Post-Test 2-02 S1 Post-Test 2-03 S1 Post-Test 2-04
S1 Post-Test 3 Pre-Test 04-01 Pre-Test 04-02
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TABLE E-4 METALS AND GENERAL CHEMISTRY 
Chevron Hottpad Field Demonstration
Sample ID
Sludge 01 + 
Sludge 02
Sludge 03 SS-1 + SS-2 SS-3 + SS-4 Clean S1 Site Soil 01 Site Soil 02 Site Soil 03 Site Soil 04




Fluoride 100 - - - - <2.0 - - - -
Arsenic 1.0 - - - - <0.010 0.0055 0.0063 0.0065 0.0058
Lead 1.0 - - - - 0.0070 0.0037 0.0027 0.0027 0.0084
Antimony N/A - - - - <0.0040 <0.0040 <0.040 <0.040 <0.040
Barium 70 - - - - 0.68 1.2 1.2 0.92 1.1
Beryllium NA - - - - <0.0040 <0.0040 <0.0040 <0.0040 <0.0040
Cadmium 0.3 - - - - 0.0010 0.0011 0.00095 0.00095 0.0010
Chromium 5.0 - - - - 0.0074 0.0077 0.008 0.0071 0.0076
Copper N/A - - - - 0.052 0.035 0.027 0.031 0.037
Selenium 1.0 - - - - <0.010 <0.010 <0.010 0.0038 <0.010
Thallium N/A - - - - <0.010 <0.010 <0.010 <0.10 <0.010
Zinc N/A - - - - 0.58 0.82 0.74 0.66 0.77
Mercury 0.1 - - - - <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
PPL Metals (mg/kg)
Antimony N/A 2.1 2.1 1.2 1.2 0.065 0.53 0.48 0.5 0.45
Arsenic N/A 23 20 22 21 0.80 8 9.2 8.8 8.50
Barium N/A 240 240 140 180 0.61 210 200 210 200
Beryllium N/A 0.28 0.27 0.36 0.36 0.21 0.59 0.59 0.53 0.53
Cadmium N/A 1.4 1.7 1.6 1.3 0.49 0.31 0.32 0.35 0.41
Chromium N/A 72 69 90 83 25 27 23 38 42
Copper N/A 430 400 680 580 62 110 100 110 120
Lead N/A 150 130 170 150 0.76 22 21 24 26
Mercury N/A 1.9 2.3 1.5 1.9 <0.020 0.34 0.37 0.35 1.4
Nickel N/A 73 63 78 69 16 14 12 14 20
Selenium N/A 3.5 3.0 4.4 4.4 0.64 1.5 1.7 1.3 1.4
Thallium N/A 0.25 0.23 <2.2 <1.9 <3.8 0.23 0.19 0.17 0.17
Zinc N/A 2,000 - 2,300 2,000 170 160 130 150 190
General Chemistry
Total Organic Carbon (mg/kg) N/A - - - - - 22,000 28,000 - -
Flashpoint (0C) N/A >100 >100 - - - - - - -
pH N/A - - 7.0 6.9 7.5 - - - -
Chromium VI (mg/kg) N/A - - <5.5 <5.2 <0.42 - - - -
Cyanide, Reactive (mg/kg) N/A - - <10 <10 <9.9 - - - -
Sulfide, Reactive (mg/kg) N/A - - 80 40 60 - - - -
Fluoride, Soluble (mg/kg) N/A - - <5.1 <5.3 - - - - -
Moisture Content (%) N/A 46.8 46.5 81.8 80.6 3.4 19.7 21.5 20.7 19.9
Notes:
N/A- not applicable
"-"- analysis not applied 
Bold - analyte detected
< - analyte not detected; associated value is detection limit
mg/L- milligram per litre
mg/kg- milligram per kilogram
%- percent by weight
TCLP- toxicity characteristic leaching procedure 
PPL- priority polutant list
Highlighted -MS/MSD is outside acceptance limits
Clean Site SoilSludge
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TABLE E-11 CLARIFIER SLUDGE PETROPHYSICAL DATA 
Chevron Hottpad Field Demonstration
Sample ID SL01 SL01
Sample Date 01-Dec-16 01-Dec-16
Matrix Sludge Aqeuous
Parameters
Chlorine (Total Halogens in Used Oils) (ppm) 13,529 -
Flash Point (°C) 68.33 -
Carbon Residue (% m/m) 19.63 -
Ash Content of Petroleum Products (%) 8.44 -
PCBs in Liquid and Soilid Wastes: Oils and Sludges (ppm) <1.0 <1.0
Gross Heat of Combustion (BTU/lb) 12,733 -
Extractable Organic Compounds (ppm)
Dichlorodifluoromethane <1.0 <1.0
Chloromethane <1.0 <1.0




Methyl Ethyl Ketone <1.0 <1.0
2-Propanone <1.0 <1.0
1,1-Dichloroethene <1.0 <1.0
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TABLE E-11 CLARIFIER SLUDGE PETROPHYSICAL DATA 














































Bold - analyte detected
< - analyte not detected; associated value is detection limit
ppm - parts per million
% - percent by weight
% m/m - mass fraction
BTU/lb - British Thermal Unit per pound
mg/kg - milligram per kilogram
BT Hottpad Soil Results Analytical Summary Page 2 of 2 2017-06-01
TABLE 1 - TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
SECONDARY SEPARATOR SLUDGE SAMPLES
































Sludge from Secondary 
Separator; samples taken 
from excavator bucket
Sludge from Secondary 
Separator; samples taken 
from excavator bucket
Sludge from Secondary 
Separator; samples taken 
from excavator bucket
Sludge from Secondary 
Separator; samples taken 
from excavator bucket
Sludge from Secondary 
Separator; samples taken 
from excavator bucket
Sludge from Secondary 
Separator; samples taken 
from excavator bucket
Sludge from Secondary 
Separator; samples taken 
from excavator bucket
Sludge from Secondary 
Separator; samples taken 
from excavator bucket
Sludge from Secondary 
Separator; samples taken from 
excavator bucket
Physical & Aggregate Properties (%)
Ash Content 57.9 55.0 54.1 51.1 59.0 57.0 58.0 55.2 55.9
Moisture Content 76.0 83.0 76.5 69.5 83.2 81.8 74.9 79.3 78.0
Aggregate Properties (mg/kg)
Total Alkalinity as CaCO3 2,110 2,970 1,680 1,240 3,350 2,450 2,160 2,760 2,340
TPH Fractions (mg/kg)
TPH C6-C9 18 15 30 13 28 8 15 16 18
TPH C10-C14 26,400 24,600 21,600 10,400 30,800 24,500 27,200 25,200 23,838
TPH C15-C28 152,000 167,000 143,000 175,000 150,000 149,000 149,000 164,000 156,125
TPH C29-C36 26,100 21,800 19,800 39,700 23,400 18,600 23,500 18,400 23,913
TPH (mg/kg) 204,518 213,415 184,430 225,113 204,228 192,108 199,715 207,616 203,893
Aggregate Organics (mg/kg)
Oil & Grease 965,000 1,500,000 1,090,000 819,000 1,650,000 1,240,000 906,000 1,180,000 1,168,750
Inorganic and Nonmetallic (mg/kg)
Hexavalent Chromium <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 ND
Sulphate as SO4 31,400 30,900 25,800 29,200 38,700 34,400 29,500 25,700 30,700
Total Nitrogen as N 26,500 8,750 10,200 9,700 5,790 9,810 4,460 6,860 10,259
Ammonia as NH3 450 373 92.2 55.9 635 303 264 356 316
Nitrate (Sol.) 30.2 24.1 <0.1 <0.1 27.4 30.1 <0.1 <0.1 13,758
Total Cyanide <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 ND
Nitrite as NO2 <0.1 <0.2 <0.1 <0.1 <0.2 <0.2 <0.1 <0.1 ND
Polycyclic Aromatic Hydrocarbons (mg/kg)
Naphthalene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5 ND
Acenaphthylene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5 ND
Acenaphthene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5 ND
Fluorene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5 ND
Phenanthrene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5 ND
Anthracene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5 ND
Fluoranthene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5 ND
Pyrene 39.9 47 36.9 94.4 40.2 43.4 37 60.6 49.9
Benz(a)anthracene 15.8 0.6 22.3 53.9 30.3 <0.5 28.3 <0.5 25.2
Chrysene 26.7 13.6 17.8 19.3 10.1 10 15.8 <0.5 16.2
Benzo(b) & Benzo(k)fluoranthene 10.2 9.1 10.2 22.5 8.5 6.7 9.1 6.2 10.3
Benzo(a)pyrene 5.5 3.9 3.9 6.3 4.7 3.2 3.9 4 4.4
Indeno(1.2.3.cd)pyrene 1.2 <0.5 0.7 <1.9 0.6 <0.5 <0.5 <0.5 0.8
Dibenz(a.h)anthracene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5 ND
Benzo(g.h.i)perylene 3.1 2.3 2.2 7.1 1.8 1.4 1.7 1.2 2.6
Secondary Separator Sludge
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SECONDARY SEPARATOR SLUDGE SAMPLES





























Benzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Toluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Ethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
meta- & para-Xylene <1 <1 <1 <1 <1 <1 <1 <1
Styrene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
ortho-Xylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Isopropylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
n-Propylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3.5-Trimethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
sec-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trimethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
tert-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
p-Isopropyltoluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
n-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Oxygenated Compounds (mg/kg)
2-Butanone (MEK) <5 <5 <5 <5 <5 <5 <5 <5
4-Methyl-2-pentanone (MIBK) <5 <5 <5 <5 <5 <5 <5 <5
2-Hexanone (MBK) <5 <5 <5 <5 <5 <5 <5 <5
 Fumigants (mg/kg)
2.2-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.3-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.3-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dibromoethane (EDB) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Halogenated Aliphatics (mg/kg)
Dichlorodifluoromethane <5 <5 <5 <5 <5 <5 <5 <5
Chloromethane <5 <5 <5 <5 <5 <5 <5 <5
Vinyl chloride <5 <5 <5 <5 <5 <5 <5 <5
Bromomethane <5 <5 <5 <5 <5 <5 <5 <5
Chloroethane <5 <5 <5 <5 <5 <5 <5 <5
Trichlorofluoromethane <5 <5 <5 <5 <5 <5 <5 <5
1.1-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Iodomethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.2-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1-Dichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.2-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.1-Trichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Carbon Tetrachloride <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Trichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dibromomethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.2-Trichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Tetrachloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.1.2-Tetrachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.4-Dichloro-2-butene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.4-Dichloro-2-butene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.2.2-Tetrachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.3-Trichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pentachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dibromo-3-chloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobutadiene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Halogenated Aromatics (mg/kg)
Chlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bromobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Chlorotoluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Chlorotoluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.4-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.3-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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Chloroform <2 <2 <2 <2 <2 <2 <2 <2
Bromodichloromethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dibromochloromethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bromoform <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Phenolic Compounds (mg/kg)
Phenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
2-Chlorophenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
2-Methylphenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
3- & 4-Methylphenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
2-Nitrophenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
2.4-Dimethylphenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
2.4-Dichlorophenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
2.6-Dichlorophenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
4-Chloro-3-methylphenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
2.4.6-Trichlorophenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Phenolic Compounds (mg/kg)
2.4.5-Trichlorophenol <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Pentachlorophenol <1.0 <1.0 <1.0 <1.9 <1.0 <1.0 <1.0 <1.0
Phthalate Esters (mg/kg)
Dimethyl phthalate <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Diethyl phthalate <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Di-n-butyl phthalate <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Butyl benzyl phthalate <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Bis(2-ethylhexyl)phthalate <5.0 <5.0 10.8 <5.0 <5.0 <5.0 <5.0 <5.0
Di-n-octylphthalate <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Nitrosamines (mg/kg)
N-Nitrosomethylethylamine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
N-Nitrosodiethylamine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
N-Nitrosopyrrolidine <1.0 <1.0 <1.0 <1.9 <1.0 <1.0 <1.0 <1.0
N-Nitrosomorpholine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
N-Nitrosodi-n-propylamine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
N-Nitrosopiperidine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
N-Nitrosodibutylamine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Diphenylamine & N-Nitrosodiphenylamine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Diallate <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Methapyrilene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Nitroaromatics and Ketones (mg/kg)
2-Picoline <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Acetophenone <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Nitrobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Isophorone <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
2.6-Dinitrotoluene <1.0 <1.0 <1.0 <1.9 <1.0 <1.0 <1.0 <1.0
2.4-Dinitrotoluene <1.0 <1.0 <1.0 <1.9 <1.0 <1.0 <1.0 <1.0
1-Naphthylamine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
4-Nitroquinoline-N-oxide <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
5-Nitro-o-toluidine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Azobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
1.3.5-Trinitrobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Phenacetin <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
4-Aminobiphenyl <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Pentachloronitrobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Pronamide <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Dimethylaminoazobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Chlorobenzilate <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
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Bis(2-chloroethyl) ether <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Bis(2-chloroethoxy) methane <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Bis(2-chloroethoxy) methane ---- ---- ---- ---- ---- ---- ---- ----
4-Chlorophenyl phenyl ether <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
4-Bromophenyl phenyl ether <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Chlorinated Hydrocarbons (mg/kg)
1.3-Dichlorobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
1.4-Dichlorobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
1.2-Dichlorobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Hexachloroethane <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
1.2.4-Trichlorobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Hexachloropropylene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Hexachlorobutadiene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Hexachlorocyclopentadiene <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5
Pentachlorobenzene <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Hexachlorobenzene (HCB) <1.0 <1.0 <1.0 <1.9 <1.0 <1.0 <1.0 <1.0
Anilines and Benzidines (mg/kg)
Aniline <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
4-Chloroaniline <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
2-Nitroaniline <1.0 <1.0 <1.0 <1.9 <1.0 <1.0 <1.0 <1.0
3-Nitroaniline <1.0 <1.0 <1.0 <1.9 <1.0 <1.0 <1.0 <1.0
Dibenzofuran <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
4-Nitroaniline <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Carbazole <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
3.3`-Dichlorobenzidine <0.5 <0.5 <0.5 <1.9 <0.5 <0.5 <0.5 <0.5
Notes:
ND- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit
mg/kg - milligrams per kilogram
VOC - volatile organic compound
% - percent by weight
TPH - total petroleum hydrocarbon
Avg. - average




NO2 - Ntrogen dioxide
N - Nitrogen 
CaCO3 - Calcium Carbonate
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Test FS1 
The first test was conducted as an equipment prove out to assess heating rates and ignition times.  
A 0.3m high layer of 3:1 soil sludge mix was covered with a 0.3m sand cap. All heaters were 
turned on simultaneously at start-up, and remained on for just over 10 hours. The heaters were 
shut off once ignition temperature profiles were observed above all pads. Air injection flow rates 
for each pad were approximately 700m3/hr, or 4 200m3/hr total, which equates to the target 
vertical Darcy flux of approximately 1.6cm/s. The total operational time of FS1 was just under 
27hr.  
Test FS1 was a “proof of ignition” test and is not considered representative of smouldering 
behavior at large scale due to the short pile height. The vapour capture system was also not 
designed to collect off-gases from such a short pile and, therefore CEMS data collected from 
Test FS1 is likely not representative. 





Mixing matrix Material 
Clean Cap Material 
Chevron sludge pond waste 
Clean S1 aggregate 
Clean S1 aggregate 
Height of Sand and Sludge Mix 0.3 m 1.0 ft
Height of Clean Cap Layer 0.3 m 1.0 ft
Total Height of Pile 0.6 m 2.0 ft
Clean Mixing Soil Volume
1
21 scoops 31.5 m
3
Fuel Volume 7.5 scoops 11.3 m
3
Saturation 0.83 %
Approximate Volume directly over pads
2
23 scoops 34.6 m3
Approximate Volume of clean cap
3
30 scoops 45.0 m
3
Total Volume added to the pile 53 scoops 80.7 m3
Target Process Air Rate per Pad 11.7 m
3
/min
Equivalent Darcy velocity 0.90 m/min 1.50 cm/s
Process Air Rate during cooling 11.7 m3/min 418 scfm
VFD setpoint B-210 % 58-62 %
VFD setpoint B-220 % 65-68 %




Extraction Flowrate 83 m
3
/min to 89 m
3
/min
Extraction Vacuum -325 mm.H20
Times:
Approximate Mixing Time 8 hr 
Loading Time 8 hr
Injection Air ON -20 min -0.33 hr
All Heaters ON 0 min 0.00 hr
First detection of CO (CO > 30 ppm) 290 min 4.83 hr
All Heaters OFF 611 min 10.18 hr
Combustion finished (CO <50ppm) 1070 min 17.83 hr
Injection Air OFF 1610 min 26.83 hr
Unloading Time 8 hr
TOTAL Test Time 51 hr
Max temperature reached in pile and location 664
o
C
Maximum plenum Temperature reached Pad 1 174
o
C
Maximum plenum Temperature reached Pad 2 185
o
C
Maximum plenum Temperature reached Pad 3 204
o
C
Maximum plenum Temperature reached Pad 4 553
o
C
Maximum plenum Temperature reached Pad 5 166
o
C
Maximum plenum Temperature reached Pad 6 157
o
C
Condensate Noticeable in Extraction System (Y/N)
Approximate Volume of Condensate throughout entire test
4 
100 L




Approximate location(s) of primarily untreated pockets 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 









In the mixing process 30 scoops of clean soil and 9 scoops of sludge were used. Not all mixed material was used. It was 
estimated that 9 scoops of mixed soil that included  3 scoop of sludge; these were left to be used for test 2
m = meter; m
3
 = cubic meter; ft = feet; min = minute; hr = hour; ppm = parts per million; s = seconds
L = Litre; scfm = standard cubic feet per minute; mmH2O = millimeters of water;  
o
C = Degrees Celsius; % = percentage
2
 Based on CEMs calculation of percentage of target mass of fuel over pads, and using estimated densities from bucket test;
Density of mixed material from test 1= 1769.88 Kg/m
3
 ; density of sludge = 1230 Kg/m
3
 ; density of clean material = 1565 Kg/m
3 
3
 Estimation based on the volume of S-1 material utilized for mixing  a 30 cm hegh pile on test 1. 
4
 Rough estimate, done by the estimated volume drained from the knockout tank, stack, and the condensates observed
out of the stack, and frequency of dranage.  
5
 volume calculated using the percentage of untreaded fuel estimated by the CEMs data 
 Volume of untreated material= Target volume over pads*  Percentage of untreated material
6
 TPH=Total Petrolium Hydrocarbons  ; GSD=Grain Size Distribution ;  M= Metal and General Chemistry 
7
 60 minutes sampling time




Day 1 - Run 1
Day 1 - Run 2
M
S1-Post-Test 1 GSD











Hottpad 2 at 0.25 m
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All heaters ON Extraction Blower Incread to 60%




coming out of 
junction boxes
Notes:  






oC  = Degrees Celcius   
min = minutes
cm  = centimetres
TC  = Thermocouple
%   =  Percentage
ETime (min) 0.00 -5.00 642 720 561 1641 1731
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Hottpad test 1 events time values
oC  = Degrees Celcius   
min = minutes
cm  = centimetres
TC  = Thermocouple
%   =  Percentage
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Hottpad test 1 events time values
oC  = Degrees Celcius   
min = minutes
cm  = centimetres
TC  = Thermocouple
%   =  Percentage
Test 1 Maximum Observed Temperatures 
Chevron Hottpad Field Demonstration
Feb-17
Figure 1





























































































































°C - degrees celcius
Height represents cm above top of hottpad screen.
























































Elapsed Time (min) ["0" = Heater ON]
Test FS1 CEMS Data
VOCs (ppm C3H8) CO (ppm) Increase Extraction Flow Extraction Blowers OFF
















































































Test FS1 Mass Loss (0.3m S-1 Material; Darcy flux = 1.5cm/s)
Mass Removal Rate (kg/min) Normalized Cummulative Mass Removed
TABLE E-1 TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Pre-Test 01-03 Post-Test 1
Sample Date 11-Nov-16 14-Nov-16
Description / Location Pre-test mix for Test 1
Post-test 1 sample collected 
from southwest corner edge 
of Pad 1





Total Xylenes <0.321 <0.324
TPH Fractions (µg/g)
TPH C6-C9 <17.5 <17.7
TPH C10-C14 356 <25.0
TPH C15-C28 25,400 <25.0
TPH C29-C36 9,750 <100
Total Petroleum Hydrocarbons (µg/g) 35,506 ND
Notes:/A - analysis not appliedD- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - total petroleum hydrocarbon
Test 1
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TABLE E-4 METALS AND GENERAL CHEMISTRY 
Chevron Hottpad Field Demonstration
Sample ID
Pre-Test 1-01 + 
Pre-Test 1-02
Post Test 1




Fluoride 100 <2.0 <2.0
Arsenic 1.0 0.0039 0.0048
Lead 1.0 0.017 0.0026
Antimony N/A 0.0015 0.0020
Barium 70 1.3 0.85
Beryllium NA <0.0040 <0.0040
Cadmium 0.3 0.0023 0.0044
Chromium 5.0 0.0070 0.0077
Copper N/A 0.052 0.29
Selenium 1.0 <0.010 0.0077
Thallium N/A <0.010 <0.010
Zinc N/A 2.2 2.4
Mercury 0.1 <0.0020 <0.0020
PPL Metals (mg/kg)
Antimony N/A 0.34 0.44
Arsenic N/A 2.70 3.80
Barium N/A - -
Beryllium N/A 0.29 0.27
Cadmium N/A 0.30 0.52
Chromium N/A 21.00 27.00
Copper N/A 76.00 98.00
Lead N/A 14.00 21.00
Mercury N/A 0.28 <0.018
Nickel N/A 17.00 23.00
Selenium N/A 0.76 0.87
Thallium N/A <0.30 <0.29
Zinc N/A 260.00 400.00
General Chemistry
Total Organic Carbon (mg/kg) N/A - -
Flashpoint (0C) N/A >100 >100
pH N/A 6.8 6.7
Chromium VI (mg/kg) N/A <1.1 <1.1
Cyanide, Reactive (mg/kg) N/A - <10
Sulfide, Reactive (mg/kg) N/A - <10
Fluoride, Soluble (mg/kg) N/A - -
Moisture Content (%) N/A 12.9 11.6
Notes:
N/A- not applicable
"-"- analysis not applied 
Bold - analyte detected
< - analyte not detected; associated value is detection limit
mg/L- milligram per litre
mg/kg- milligram per kilogram
%- percent by weight
TCLP- toxicity characteristic leaching procedure 
PPL- priority polutant list
Test 1
Highlighted -MS/MSD is outside acceptance limits
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TABLE E-5 PARTICULATE MATTER ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Day 1 - Run 1 Day 1 - Run 2 Day 1 - Run 3 Day 2 - Run 1 Day 3 - Run 1
Sample Date 11-Nov-16 11-Nov-16 11-Nov-16 16-Nov-16 17-Nov-16
Sampling Time 15:30 - 16:30 17:00 - 18:00 18:30 - 19:30 09:00 - 10:00 14:00 - 15:00




) 1.0986 1.1134 1.084 0.9972 0.916
Average Meter Temperature (0C) 32 32 31 31 36
Average Stack Temperature (0C) 40 46 47 36 50
Moisture Content (%) 11.4 12 12 4 12.8
Particulate Collected (mg) 2 2 9 6 11
Volume Standard (Nm
3
) 1.0465 1.0607 1.0377 0.9531 0.8613
Particulate Matter Concentration (mg/Nm
3
) 1.9 1.9 8.7 6.3 12.8
Notes:
% - percent by weight
Nm
3
- normal cubic meter
mg/Nm
3
- milligram per normal cubic meter
Test 1
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Hottpad Test 1 Power Consumption









































M‐210 M‐220 M‐230 Pads 1‐6 Total Heater Power Total Power Total Energy
Notes:
All six Hottpad heaters turned on at the same time
kW - kiloWatt
min - minutes 
kWhr - kiloWatt hours






Multi level thermocouple layout - 0 cm height
In the back: Stock pile of crushed gravel
Front: Crushed gravel pile with waste sludge for mixing






Mixing process of crushed gravel (S-1 aggregate) as solid matrix and waste sludge.
Loading of mixed material and thermocouple layout at 0 cm height 






Thermocouple layout at 25 cm height 





Test 1 - Loading Operation Notes:
Extraction pipe system and tarp support frames 





Test 1 - Loading Operation Notes:
Deployment of vapor capturing cover over support frames 





Test 1 - Loading Operation Notes:
Final view of loaded hottpad system and vapor capturing cover 






Manual removal of vapor capturing tarp





Test 1 - Unloading Operation 
Removal of clean cap (30 cm height) from pads 1 and 6
Notes:
Removal of clean cap (30 cm height) from pads 3 and 4





Post treatment sample collection for density bucket test 





Test 1 - Unloading Operation 
Chevron ETC
Exposure of pockets of treated (characterized by change in color from 
black to reddish) and untreated material in pads 2 and 5
Removal of untreated material patch in pad 4
Notes:
Figure C-23




Final layer of material (Approximatly 5cm) were removed manually in 
Exposure of pockets of treated and untreated material in pads 3
Notes:
Test FS2 
Test FS2 had two significant differences from Test FS1. The first was an increase in treatment 
pile height to approximately 1m with a 4.5:1 soil sludge volume ratio, with a 0.5m cap. The 
second was a sequential ignition which involved turning on pairs of Hottpad modules at a time, 
igniting a portion of the pile overlying the respective pads, and then shutting off the heaters in 
one pair of pads and turning on the heaters in the next set of pads. For simplicity, Pads 1 and 6 
were started first, followed by Pads 2 and 5, and finishing with Pads 3 and 4 (working across the 
Hottpad working surface from west to east). The air flow per pad was also reduced to 560m3/hr, 
approximately 3 350m3/hr total, for a vertical Darcy flux of 1.2cm/s.  
One operational issue with Test FS2 occurred when a seam in the vapour cover opened over the 
outside edges of Pads 2 and 3. The opening was caused by excessive winds during the test and 
resulted in a loss of capture of the off-gases from the affected area. Attempts were made to close 
the gap but were unsuccessful. Quantifying the lost off-gases is difficult due to the unknown 
influences of the open area on the vacuum experienced by the rest of the pile. Therefore, mass 
loss calculations from CEMS data will underestimate total mass loss. However, the general off-
gas trends and times of peaks may still be considered accurate.  





Mixing matrix Material 
Clean Cap Material 
Chevron sludge pond waste 
Clean S1 aggregate - virgin and reused from test 1 
Clean S1 aggregate - virgin
Height of Sand and Suldge Mix 1.0 m 3.3 ft
Height of Clean Cap Layer 0.5 m 1.6 ft
Total Height of Pile 1.5 m 4.9 ft
Clean Mixing Soil Volume
1




21 scoops 32 m
3
Saturation 0.54 %
Approximate Volume directly over pads
2
96 scoops 144 m
3
Approximate Volume of clean cap
3
50 scoops 75 m
3
Total Volume added to the pile 156 scoops 235 m
3
Target Process Air Rate per Pad 7.8 m
3
/min
Equivalent Darcy velocity 0.60 m/min 1.00 cm/s
VFD setpoint B-210 % 70-78 %
VFD setpoint B-220 % 73-85 %




Extraction Flowrate 77 m
3





Approximate Mixing Time 4 hr 
Loading Time 8 hr
Injection Air ON -10 min -0.17 hr
Heater ON Pad 1 & 6 0 min 0.00 hr
Heater ON Pad 2 & 5 575 min 9.58 hr
Heater ON Pad 3 & 4 1190 min 19.83 hr
First detection of CO (CO > 30 ppm) 230 min 3.83 hr
Heater OFF Pad 1 & 6 635 min 10.58 hr
Heater OFF Pad 2 & 5 1250 min 20.83 hr
Heater OFF Pad 3 & 4 1793 min 29.88 hr
Combustion finished (CO <50ppm) 7310 min 121.83 hr
Injection Air OFF 8585 min 143.08 hr
Unloading Time 6 hr
TOTAL Test Time 140 hr
Max temperature reached in pile and location 664
o
C
Maximum plenum Temperature reached Pad 1 235
o
C
Maximum plenum Temperature reached Pad 2 315
o
C
Maximum plenum Temperature reached Pad 3 282
o
C
Maximum plenum Temperature reached Pad 4 300
o
C
Maximum plenum Temperature reached Pad 5 237
o
C
Maximum plenum Temperature reached Pad 6 248
o
C
Condensate Noticable in Extraction System (Y/N)
Approximate Volume of Condensate throughout entire test
4 
400 L




Approximate location(s) of primarly untreated pockets 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 



















It was estimated that 9 scoops of clean soil and 3 scoops of sludge were left from test 1 to be used for the mixing and 
loading process of Test 2, these material has been accounted in these calculations 
m = meter; m
3
 = cubic meter; ft = feet; scoops = excavator scoop; min = minute; hr = hour; ppm = part per million; s = seconds
L = Litre; scfm = standard cubic feet per minute; mmH2O = millimeters of water;  
o
C = Degrees Celcius; % = percentage
2
 Based on CEMs calculation of porcentage of target mass of fuel over pads, and using estimated densities from bucket test;
Density of mixed material from test 3= 1566.33 Kg/m
3
 ; density of sludge = 1230 Kg/m
3
 ; density of clean material = 1565 Kg/m
3
3
 Volume of clean material used for the clean cap where choose by an estimated extrapolation of the material used for test 1  
4
 Rough estimate, done by the estimated volume drained from the knockout tank, stack and the condensates observed coming 
out of the stack, and frequency of dranage.  
5
 Volume calculated using the percentage of untreaded fuel estimated by the CEMs data;
 Volume of untreated material= Target volume over pads*  Percentage of untreated material
6
 TPH = Total Petrolium Hydrocarbons; GSD = Grain Size Distribution;  M = Metal and General Chemistry 
7

















Hottpad 5 at 0.25 m
YES






























2016-11-23 S1 Post-Test 2 Average GSD
2016-11-21 13:30
2016-11-22 4:40
Day 2- Run 1




2016-11-19 15:00 Day 1- Run 1 Particulate Matter
Day 2- Run 1 Particulate Matter
Particulate MatterDay 3- Run 1


























































600.00 660 1215.00 1275 1815 1695 4275 4395 4455 6207 8667 
oC  = Degrees Celcius   
min = minutes
cm  = centimetres
TC  = Thermocouple
%   =  Percentage
M-210 = Injection Motor 1
M-220 = Injection Motor 2
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600.00 660 1215.00 1275 1815 1695 4275 4395 4455 6207 8667 
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600.00 660 1215.00 1275 1815 1695 4275 4395 4455 6207 8667 
oC  = Degrees Celcius   
min = minutes
cm  = centimetres
TC  = Thermocouple
%   =  Percentage
M-210 = Injection Motor 1
M-220 = Injection Motor 2
Test 2 Maximum Observed Temperatures 
Chevron Hottpad Field Demonstration
Feb-17
Figure 2





































































































































































°C - degrees celcius
Height represents cm above top of hottpad screen.


























































Elapsed Time (min) ["0" = Heater ON]
Test FS2 CEMS Data
VOCs (ppm C3H8) CO (ppm) Heaters ON (Pads 1+6) Pads 1+6 OFF Pads 3+4 ON


















































































Test FS2 Mass Loss
Mass Removal Rate (kg/min) Normalized
TABLE E-1 TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Pre-Test 2 Post-Test 2-01 Post-Test 2-02 Post-Test 2-03 Post-Test 2-04
Sample Date 15-Nov-16 23-Nov-16 23-Nov-16 23-Nov-16 23-Nov-16
Description / Location
Pre-test mix for Test 2 - 
composite of samples Pre-
Test 2-01 and Pre-Test 2-02
Post-test 2 sample Post-test 2 sample
Post-test 2 sample 
(untreated material)
Post-test 2 sample 
(untreated material)
Moisture Content (%) 12.3 0.2 0.2 12.3 4.6
VOCs (µg/g)
Benzene <0.0604 <0.0606 <0.0605 <0.0606 <0.0605
Toluene <0.158 <0.158 <0.158 <0.158 <0.158
Ethylbenzene <0.0807 <0.0809 <0.0809 <0.0809 <0.0809
Total Xylenes <0.322 <0.323 <0.322 <0.323 <0.322
TPH Fractions (µg/g)
TPH C6-C9 <17.6 <17.6 <17.6 <17.6 <17.6
TPH C10-C14 204 <25.0 <25.0 172 <25.0
TPH C15-C28 10,700 <25.0 <25.0 12,000 1,720
TPH C29-C36 3,770 <100 <100 3,880 494
Total Petroleum Hydrocarbons (µg/g) 14,674 ND ND 16,052 2,214
Notes:
N/A - analysis not applied
ND- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - total petroleum hydrocarbon
Test 2
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TABLE E-4 METALS AND GENERAL CHEMISTRY 
Chevron Hottpad Field Demonstration
Sample ID Pre-Test 2 Post-Test 2-01 Post-Test 2-02 Post-Test 2-03 Post-Test 2-04




Fluoride 100 <2.0 <2.0 <2.0 <2.0 <2.0
Arsenic 1.0 0.0039 0.0046 0.0049 0.0052 0.0028
Lead 1.0 0.022 0.013 0.016 0.0038 0.069
Antimony N/A 0.0014 0.0011 0.00084 0.00084 <0.0040
Barium 70 1.0 0.42 0.74 1.0 0.77
Beryllium NA <0.0040 <0.0040 <0.0040 <0.0040 <0.0040
Cadmium 0.3 0.0023 0.0073 0.0045 0.0014 0.0017
Chromium 5.0 0.0057 0.0078 0.019 0.0055 0.0068
Copper N/A 0.040 0.66 0.53 0.046 0.14
Selenium 1.0 0.0035 0.0068 0.0071 <0.010 <0.010
Thallium N/A <0.010 <0.010 <0.010 <0.010 <0.010
Zinc N/A 2.2 2.6 2.4 1.7 1.0
Mercury 0.1 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020
PPL Metals (mg/kg)
Antimony N/A 0.30 0.14 0.46 0.33 0.085
Arsenic N/A 3.2 1.7 4.1 2.8 1.0
Barium N/A - - - - -
Beryllium N/A 0.27 0.19 0.29 0.30 0.22
Cadmium N/A 0.40 0.15 0.37 0.30 0.35
Chromium N/A 26 15 28 24 19
Copper N/A 72 40 100 73 36
Lead N/A 14 6.3 20 16 3.8
Mercury N/A 0.39 0.013 <0.017 0.48 0.067
Nickel N/A 19 12 24 18 14
Selenium N/A 0.82 0.54 0.97 0.76 0.52
Thallium N/A <0.41 <0.39 <0.32 <0.38 <0.27
Zinc N/A 300 160 350 250 180
General Chemistry
Total Organic Carbon (mg/kg) N/A - - - - -
Flashpoint (0C) N/A >100 >100 >100 >100 >100
pH N/A 7.1 6.4 6.5 6.8 6.8
Chromium VI (mg/kg) N/A <1.1 <0.99 <0.99 <2.3 <1.0
Cyanide, Reactive (mg/kg) N/A <10 <10 <10 <10 <10
Sulfide, Reactive (mg/kg) N/A <10 <10 <10 <10 <10
Fluoride, Soluble (mg/kg) N/A - - - - -
Moisture Content (%) N/A 11.7 0.2 0.2 11.8 4.2
Notes:
N/A- not applicable
"-"- analysis not applied 
Bold - analyte detected
< - analyte not detected; associated value is detection limit
mg/L- milligram per litre
mg/kg- milligram per kilogram
%- percent by weight
TCLP- toxicity characteristic leaching procedure 
PPL- priority polutant list
Highlighted -MS/MSD is outside acceptance limits
Test 2
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TABLE E-5 PARTICULATE MATTER ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Day 1 - Run 1 Day 2- Run 1 Day 3 - Run 1
Sample Date 19-Nov-16 21-Nov-16 22-Nov-16
Sampling Time 03:00 - 04:00 13:30 - 14:30 04:40 - 05:40




) 1.0316 1.4846 1.4258
Average Meter Temperature (0C) 27 27 28
Average Stack Temperature (0C) 52 47 45
Moisture Content (%) 4.2 4 5
Particulate Collected (mg) 2 2 3
Volume Standard (Nm
3
) 0.9991 1.4421 1.3767
Particulate Matter Concentration (mg/Nm
3
) 2 1.4 2.2
Notes:
% - percent by weight
Nm
3
- normal cubic meter
mg/Nm
3
- milligram per normal cubic meter
Test 2
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TABLE E-9 ISOKINETIC EMISSIONS ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Run 1 Run 2 Run 3
Sample Date 18-Nov-16 18-Nov-16 18-Nov-16
Sample Time 08:00 - 09:00 10:00 -11:00 13:00 - 14:00





Exhaust Gas Flow Rate, dry (Nm
3
/min) N/A 92.3 87.7 85.5
Exhaust Gas Flow Rate, actual (m
3
/min) N/A 111.1 106.0 104.9
Moisture Content (%) N/A 10.7 10.2 10.0
Stack Gas Temperature (°C) N/A 43 46 51
Carbon Dioxide Concentration (%) N/A 0 0 0
Oxygen Concentration (%) N/A 20.5 21.0 21.0
Particulate Emissions
Concentration (mg/Ncm) 150 17.5 20.2 13.6
Mass Emission Rate (kg/hr) N/A 0.097 0.1070 0.070
Sulfur Oxide Emissions as SO 2
Concentration (mg/Ncm) 700 145 182 248
Mass Emission Rate (kg/hr) N/A 0.805 0.959 1.270
Nitrogen Oxide Emissions as NO 2
Concentration (mg/Ncm) 2,000 12 22 20
Mass Emission Rate (kg/hr) N/A 0.067 0.115 0.100
Carbon Monoxide Emissions
Concentration (mg/Ncm) 500 - - -
Mass Emission Rate (kg/hr) N/A - - -
Notes:
N/A- not applicable
"-"- analysis not applied 
Bold - analyte detected
< - analyte not detected; associated value is detection limit
%- percent by weight
Nm
3
/min- normal cubic meter per minute
m
3
/min- cubic meter per minute
mg/Ncm- milligram per normal centimeter
kg/hr- kilogram per hour
Test 2
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Hottpad Test 2 Power Consumption




Rolling Start Sequence: Pads 1&6, Pads 2&5, and Pads 3&4
kW - kiloWatt
min - minutes 









































M‐210 M‐220 M‐230 Pads 1+6 Pads 3+4 Pads 2+5 Total Heater Power Total Power Total Energy






Thermocouple layout at height 0 cm 
Thermocouple layout at 50 cm height of mixed 
material
Thermocouple layout at mix material and 
clean cap interphase (1m height).
Loading of sludge saturated soil to 25 cm height 
and placement of thermocouple probes






Placement of vapor extraction perforated
pipe and modified tarp support frames
high temperature tarp placement. Overlay of 
tarps at berm edges to avoid emissions 
Final tarp placement Placement 50 cm of clean cap on top of 






Strong winds resulted in the tarp seam to brake, tarp collapse and expose part of 
the pile, limited ammount of emissions were escaping.
Strong winds resulted in the tarp seam to brake, tarp collapse and expose part of 
the pile, limited ammount of emissions were escaping.






Manual removal of vapor capturing tarp
Dug sample holes  through the clean cap at 
varoious locations for sample collection and 
visual inspection 
Moisture and condensate patches on top of 
clean cap, suggest limited fuel movilization 
Hole in clean cap (50 cm) on hottpad 1, change 
in soil colour results from exposure to hight 
temperatures (>500 oC)






Hole in clean cap (50 cm) on hotppad 3 Cross section cut of for vertical soil profiling 
after treatment (hottpad 1).
Cross section profile of hottpad 1 after treatment. A 
visible change in color to a red/orange denotes 
presense of high temperatures (>500 oC)
Cross section cut of for vertical soil profiling after 
treatment (hottpad 1)m with an approximate mark 





Test 2 - Unloading Operation Notes:
Removal of clean cap at hottpad 1,2,5,6, and exposure of fully treated soil
Unloading of treated soil at hottpad 1,6.
TS0001





Patch of untreated saturated soil in pad 5. approximately at top of contaminated pack (1m)
Removal of treated material from hottpad 3 (1m height)






Removal of treated and partially treated material from hottpad 2 and 3, at 
50 cm height. 
Removal of treated materia from hottpad l 1 and 6 (1m height)






Removal of treated and partially treated material from hottpad 1 and 6, at 
50 cm height. 
Removal of untreated material patch from hottpad 3 and 4, at 50 cm height. 






Thermocouple layout at height 0 cm 
Thermocouple layout at 50 cm height of mixed 
material
Thermocouple layout at mix material and 
clean cap interphase (1m height).
Loading of sludge saturated soil at 0 cm height and 
placement of thermocouple probes






Placement of vapor extraction perforated pipe and modified tarp support frames
high temperature tarp placement. Overlay of 
tarps at berm edges to avoid emissions 
Loading of 50 cm height clean cap and addition 
of extra S-1 virgin material on the west side of 






Test 2 - Loading Operation 
Final view of hottpad pile with clean cap, and addition of extra S-1 virgin material on 
the west side of the pile in order to improve heat retention and treatment 
Notes:
Final tarp placement and delimitation of treatment zone
Test FS3 
Test FS3 was another 1m high pile with a soil sludge volume ratio of 7:1. The sequential ignition 
procedure was used again but with a different order (Pads 1 & 6, then Pads 3 & 4, and finally 
Pads 2 & 5). The idea was to ignite the outside pads first and then the middle to see if the 
smouldering front would propagate laterally over the middle pads and to assess smouldering 
front uniformity as it reached the top of the pile. Process air flow rates for Test 3 were 
approximately 470m3/hr per pad, 2 800m3/hr total, for a Darcy flux of approximately 1.0cm/s.  
Vapour capture was also improved in Test FS3 by using more support frames underneath the 
vapour cover to reduce sagging and rainwater ponding. The cover seams were secured 
effectively and no issues or escaping gases were observed. 
Unfortunately, the wind direction during Test FS3 was towards a residential area and odour 
complaints were received towards the end of the test. The test was terminated prematurely 
approximately 1 day before anticipated completion.  





Mixing matrix Material 
Clean Cap Material 
Chevron sludge pond waste 
Clean S1 aggregate - reused from test 2 
Clean S1 aggregate - reused from test 2
Height of Sand and Suldge Mix 1.0 m 3.3 ft
Height of Clean Cap Layer 0.5 m 1.6 ft
Total Height of Pile 1.5 m 4.9 ft
Clean Mixing Soil Volume 90 scoops 135.0 m
3
Fuel Volume 13 scoops 19.5 m
3
Saturation 0.34 %
Approximate Volume directly over pads
1
90 scoops 135 m
3
Approximate Volume of clean cap
2
60 scoops 90 m
3
Total Volume added to the pile 160 scoops 240 m
3
Target Process Air Rate per Pad 7.8 m
3
/min 279 scfm
Equivalent Darcy velocity 0.60 m/min 1.00 cm/s
Process Air Rate during cooling N/A m3/min N/A  scfm
VFD setpoint B-210 % 67-71 %
VFD setpoint B-220 % 65-68 %







Approximate Mixing Time 4 hr 
Loading Time 8 hr
Injection Air ON -10 min -0.17 hr
Heater ON Pad 1 & 6 0 min 0.00 hr
Heater ON Pad 2 & 5 1400 min 23.33 hr
Heater ON Pad 3 & 4 600 min 10.00 hr
First detection of CO (CO > 30 ppm) 200 min 3.33 hr
Heater OFF Pad 1 & 6 650 min 10.83 hr
Heater OFF Pad 2 & 5 2060 min 34.33 hr
Heater OFF Pad 3 & 4 1420 min 23.67 hr
Combustion finished (CO <50ppm) 4410 min 73.50 hr
Injection Air OFF 4400 min 73.33 hr
Unloading Time 192 hr
TOTAL Test Time 278 hr
Max temperature reached in pile and location 678
o
C
Maximum plenum Temperature reached Pad 1 341
o
C
Maximum plenum Temperature reached Pad 2 408
o
C
Maximum plenum Temperature reached Pad 3 379
o
C
Maximum plenum Temperature reached Pad 4 405
o
C
Maximum plenum Temperature reached Pad 5 359
o
C
Maximum plenum Temperature reached Pad 6 248
o
C
Condensate Noticable in Extraction System (Y/N)
Approximate Volume of Condensate throughout entire test
3 
400 L




Approximate location(s) of primarly untreated pockets 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 












m = meter; m
3
 = cubic meter; ft = feet; scoops = excavator scoop; min = minute; hr = hour; ppm = part per million; s = seconds 
L = Litre; scfm = standard cubic feet per minute; mmH2O = millimeters of water;  
o
C = Degrees Celcius; % = percentage 
1
 Based on CEMs calculation of porcentage of target mass of fuel over pads, and using estimated densities from bucket test;
Density of mixed material from test 3= 1566.33 Kg/m
3
 ; density of sludge = 1230 Kg/m
3
 ; density of clean material = 1565 Kg/m
3
2
 Volume of clean material used for the clean cap where choose by an estimated extrapolation of the material used for test 2 
and an additional 10 scoops to extend the west side of the clean cap.
3
 Rough estimate, done by the estimated volume drained from the knockout tank, stack and the condensates observed coming 
out of the stack, and frequency of dranage.  
4
 volume calculated using the percentage of untreaded fuel estimated by the CEMs data;
 Volume of untreated material= Target volume over pads*  Percentage of untreated material
5
 TPH = Total Petrolium Hydrocarbons; GSD = Grain Size Distribution;  M = Metal and General Chemistry 
6
 60 minutes sampling time
7













































Day 1 -Run 1























Hottpad test 3 events time values
Pad 1 and 6 heaters 




Heaters Pad 2 and 5 OFF, 
Heaters pad 3 and 4 ON 
Heaters pad 3 











640.00 1005.00 1440 1950 2465 4260 4470 
oC  = Degrees Celcius   
min = minutes
cm  = centimetres
TC  = Thermocouple












Hottpad test 3 events time values
Pad 1 and 6 heaters 




Heaters Pad 2 and 5 OFF, 
Heaters pad 3 and 4 ON 
Heaters pad 3 
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Hottpad test 3 events time values
Pad 1 and 6 heaters 




Heaters Pad 2 and 5 OFF, 
Heaters pad 3 and 4 ON 
Heaters pad 3 
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Hottpad test 3 events time values
Pad 1 and 6 heaters 




Heaters Pad 2 and 5 OFF, 
Heaters pad 3 and 4 ON 
Heaters pad 3 
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Hottpad test 3 events time values
Pad 1 and 6 heaters 




Heaters Pad 2 and 5 OFF, 
Heaters pad 3 and 4 ON 
Heaters pad 3 
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Hottpad test 3 events time values
Pad 1 and 6 heaters 




Heaters Pad 2 and 5 OFF, 
Heaters pad 3 and 4 ON 
Heaters pad 3 











640.00 1005.00 1440 1950 2465 4260 4470 
oC  = Degrees Celcius   
min = minutes
cm  = centimetres
TC  = Thermocouple
%   =  Percentage
Test 3 Maximum Observed Temperatures 
Chevron Hottpad Field Demonstration
Feb-17
Figure 3



































































































































































°C - degrees celcius
Height represents cm above top of hottpad screen.

























































Elapsed Time (min) ["0" = Heater ON]
Test FS3 CEMS Data
VOCs (ppm C3H8) CO (ppm) Heaters ON (Pads 1+6)
Pads 1+6 OFF Pads 3+4 ON Pads 3+4 OFF/Pads 2+5 ON













































































Test FS3 Mass Loss
TABLE E-1 TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Post-Test 3 PT03-01 PT03-02 PT03-03 PT03-04
Sample Date 02-Dec-16 05-Dec-16 05-Dec-16 05-Dec-16 05-Dec-16
Description / Location Post-test 3 sample Post-test 3 sample Post-test 3 sample Post-test 3 sample Post-test 3 sample
Moisture Content (%) 0.6 0.4 0.2 0.2 0.2
VOCs (µg/g)
Benzene <0.0605 <0.0609 <0.0608 <0.0608 <0.0608
Toluene <0.158 <0.159 <0.159 <0.159 <0.159
Ethylbenzene <0.0809 <0.0814 <0.0812 <0.0812 <0.0813
Total Xylenes <0.322 <0.325 <0.324 <0.324 <0.324
TPH Fractions (µg/g)
TPH C6-C9 <17.6 <17.7 <17.7 <17.7 <17.7
TPH C10-C14 <25.0 <25.0 <25.0 <25.0 <25.0
TPH C15-C28 <25.0 <25.0 <25.0 <25.0 <25.0
TPH C29-C36 <100 <100 <100 <100 <100
Total Petroleum Hydrocarbons (µg/g) ND ND ND ND ND
Notes:
N/A - analysis not applied
ND- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - total petroleum hydrocarbon
Test 3
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TABLE E-4 METALS AND GENERAL CHEMISTRY 
Chevron Hottpad Field Demonstration
Sample ID PT03-01 PT03-02 PT03-03 PT03-04




Fluoride 100 <2.0 <2.0 <2.0 <2.0
Arsenic 1.0 0.0046 0.0049 0.0061 0.0041
Lead 1.0 0.012 0.0094 0.0096 0.0098
Antimony N/A <0.0040 0.00083 <0.0040 <0.0040
Barium 70 0.85 1.0 0.90 0.7
Beryllium NA <0.0040 <0.0040 <0.0040 <0.0040
Cadmium 0.3 0.0051 0.0060 0.0054 0.0048
Chromium 5.0 0.012 0.0084 0.0091 0.0076
Copper N/A 0.54 0.89 0.51 0.84
Selenium 1.0 0.0081 0.010 0.0087 0.011
Thallium N/A <0.010 <0.010 <0.010 <0.010
Zinc N/A 2.3 3.1 2.4 2.4
Mercury 0.1 <0.0020 <0.0020 <0.0020 <0.0020
PPL Metals (mg/kg)
Antimony N/A 0.30 0.55 0.49 0.36
Arsenic N/A 2.8 5.0 4.1 3.5
Barium N/A - - - -
Beryllium N/A 0.26 0.37 0.32 0.29
Cadmium N/A 0.48 0.68 0.37 0.45
Chromium N/A 27 36 31 26
Copper N/A 100 130 110 95
Lead N/A 14 25 22 18
Mercury N/A 0.015 <0.015 0.0082 0.0054
Nickel N/A 20 29 26 22
Selenium N/A 0.90 1.3 1.2 0.95
Thallium N/A <0.36 <0.37 <0.37 <0.27
Zinc N/A 390 450 380 330
General Chemistry
Total Organic Carbon (mg/kg) N/A - - - -
Flashpoint (0C) N/A >100 >100 >100 >100
pH N/A 6.4 6.4 6.7 6.4
Chromium VI (mg/kg) N/A <1.0 <1.0 <1.0 <1.0
Cyanide, Reactive (mg/kg) N/A <10 <10 <10 <10
Sulfide, Reactive (mg/kg) N/A <10 <10 <10 <10
Fluoride, Soluble (mg/kg) N/A - - - -
Moisture Content (%) N/A 0.4 0.2 0.2 0.2
Notes:
N/A- not applicable
"-"- analysis not applied 
Bold - analyte detected
< - analyte not detected; associated value is detection limit
mg/L- milligram per litre
mg/kg- milligram per kilogram
%- percent by weight
TCLP- toxicity characteristic leaching procedure 
PPL- priority polutant list
Test 3
Highlighted -MS/MSD is outside acceptance limits
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TABLE E-5 PARTICULATE MATTER ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Day 1 - Run 1 Day 2 - Run 1
Sample Date 24-Nov-16 26-Nov-16
Sampling Time 16:00 - 17:00 09:00 - 10:00





Average Meter Temperature (0C) 30 28
Average Stack Temperature (0C) 42.2 52
Moisture Content (%) 4.3 14








% - percent by weight
Nm
3
- normal cubic meter
mg/Nm
3
- milligram per normal cubic meter
Test 3
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TABLE E-9 ISOKINETIC EMISSIONS ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Run 1 Run 2 Run 3
Sample Date 25-Nov-16 25-Nov-16 25-Nov-16
Sample Time





Exhaust Gas Flow Rate, dry (Nm
3
/min) N/A 105.2 107.9 107.8
Exhaust Gas Flow Rate, actual (m
3
/min) N/A 121.3 125.3 125.8
Moisture Content (%) N/A 7.4 7.6 8.0
Stack Gas Temperature (°C) N/A 41 42 42
Carbon Dioxide Concentration (%) N/A 0 0
Concentration (mg/Ncm) 150 24.8 23.9 23.8
Mass Emission Rate (kg/hr) N/A 0.157 0.155 0.154
Sulfur Oxide Emissions as SO 2
Concentration (mg/Ncm) 700 122 118 118
Mass Emission Rate (kg/hr) N/A 0.769 0.762 0.764
Nitrogen Oxide Emissions as NO 2
Concentration (mg/Ncm) 2,000 18 21 21
Mass Emission Rate (kg/hr) N/A 0.111 0.133 0.136
Carbon Monoxide Emissions
Concentration (mg/Ncm) 500 - - -
Mass Emission Rate (kg/hr) N/A - - -
Notes:
N/A- not applicable
"-"- analysis not applied 
Bold - analyte detected
< - analyte not detected; associated value is detection limit
%- percent by weight
Nm
3
/min- normal cubic meter per minute
m
3
/min- cubic meter per minute
mg/Ncm- milligram per normal centimeter
kg/hr- kilogram per hour
Test 3
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Hottpad Test 3 Power Consumption




Rolling Start Sequence: Pads 1&6, Pads 3&4, and Pads 2&5
kW - kiloWatt
min - minutes 








































M‐210 M‐220 M‐230 Pads 1+6 Pads 3+4 Pads 2+5 Total Heater Power Total Power (kW) Total Energy






Manual removal of north and south side vapor capturing tarps
Fuel mobilization is observed where moisture and condensate patches
are top of clean cap 





Removal of side tarps to allow hottpad pile to cool down
Removal of clean cap - 120 to 150 cm height, and exposure of treated and 




Test 3 - Unloading Operation 
Jan-24-2016
Figure C-37
Removal of clean cap across al six pads - 120 to 150 cm height
Intephase between clean cap and mixed material at pads 1,2 and 3
(100 cm height)
Notes:Notes:






Removal of clean cap at hottpad 1,2,5,6, and exposure of fully treated soil 
(100 cm height)
Exposed treated material across all hottpads and manual removal of 
Figure C-39




Unloading of treated material at 50 cm height across all hottpads
Removal of treated material at 25 cm height at pads 3 and 4
Notes:Notes:
Test FS4 
The objective of Test FS4 was to assess the applicability of using excavated site soils as the 
porous matrix to support smouldering. The site soil contained a wide range of grain sizes, 
mineralogizes, metals, organic contents, and miscellaneous debris. This soil also had a higher 
residual water content and drained less quickly than the S-1 material. Noticeable differences in 
mixing, loading, process air back pressures, and treatment rates were observed with site soil 
compared to the S-1 material. The soil sludge volume ratio for Test FS4 was the same as Test 
FS3 at 7:1. The same process air flow rates as Test FS3 were used for a target Darcy flux of 
approximately 1.0cm/s. 
Operational issues prevented Pads 1 & 6, and 3 & 4 from igniting due to high moisture ingress 
into the electrical plenums and ignition heaters. However, successful ignition and treatment was 
observed throughout the 1m high pile over Pads 2 & 5. 




Fuel Type Chevron Batangas sludge pond waste 
Mixing matrix Material Clean S1 aggregate - reused from test 2 and Test 3
Clean Cap Material Clean S1 aggregate - reused from test 2 and Test 3
Height of Sand and Suldge Mix 1.0 m 3.3 ft
Height of Clean Cap Layer 0.5 m 1.6 ft
Total Height of Pile 1.5 m 4.9 ft
Clean Mixing Soil Volume 90 scoops 135.0 m
3
Fuel Volume 13 scoops 19.5 m
3
Saturation 0.34 %
Approximate Volume directly over pads
1
90 scoops 135 m
3
Approximate Volume of clean cap
2
60 scoops 90 m
3
Total Volume added to the pile 160 scoops 240 m
3
Target Process Air Rate per Pad 7.8 m
3
/min 279 scfm
Equivalent Darcy velocity 0.60 m/min 1.00 cm/s
Process Air Rate during cooling N/A m
3
/min N/A  scfm
VFD setpoint B-210 % 65 %
VFD setpoint B-220 % 65 %






Extraction Flowrate 78 m
3
/min
Extraction Vacuum -250 mm.H20
Times:
Approximate Mixing Time 4 hr 
Loading Time 8 hr
Injection Air ON -22 min -0.37 hr
Heater ON Pad
3
 1 & 6 0 min 0.00 hr
Heater ON Pad
3
 2 & 5 1256 min 20.93 hr
Heater ON Pad
3
 3 & 4 142 min 2.37 hr
First detection of CO (CO > 30 ppm) 1481 min 24.68 hr
Heater OFF Pad 1 & 6 1660 min 27.67 hr
Heater OFF Pad 2 & 5 5701 min 95.02 hr
Heater OFF Pad 3 & 4 795 min 13.25 hr
Combustion finished (CO <50ppm) 5701 min 95.02 hr
Max CO concentration (ppm) and time 1064 ppm
Injection Air OFF 5701 min 95.02 hr
Unloading Time 8 hr
TOTAL Test Time 115 hr
Max temperature reached in pile and location 524
o
C
Maximum plenum Temperature reached
4
 Pad 1 
Maximum plenum Temperature reached
4
 Pad 2
Maximum plenum Temperature reached
4
 Pad 3
Maximum plenum Temperature reached
4
 Pad 4
Maximum plenum Temperature reached
4
 Pad 5
Maximum plenum Temperature reached
4
 Pad 6
Condensate Noticable in Extraction System (Y/N) YES
Approximate Volume of Condensate throughout entire test
5 
400 L




Approximate location(s) of primarly untreated pockets 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Vapor Samples collected 
Vapor Samples collected 
Vapor Samples collected 
Vapor Samples collected 
Comments:
m = meter; m
3
 = cubic meter; ft = feet; scoops = excavator scoop; min = minute ; hr = hour; ppm = part per million ; s = seconds 
L = Litre; scfm = standard cubic feet per minute; mmH2O = millimeters of water;  
o
C = Degrees Celcius; % = percentage 
1
 Based on CEMs calculation of porcentage of target mass of fuel over pads, and using estimated densities from bucket test;
Density of mixed material from test 3= 1566.33 Kg/m
3
 ; density of sludge = 1230 Kg/m
3
 ; density of clean material = 1565 Kg/m
3
2
 Volume of clean material used for the clean cap where choose by an estimated extrapolation of the material used for test 3 .
3
Due to moisture issues, the heaters were operated manually and sporadically at varying % load values based on their functionality.
4
Maximum plenum temperature reached during bake out cycles, before switching to manual heater operation.
5
 Rough estimate, done by the estimated volume drained from the knockout tank, stack and the condensates observed coming 
out of the stack. 
6
 Volume calculated using the percentage of untreaded fuel estimated by the CEMs data;
 Volume of untreated material= Target volume over pads*  Percentage of untreated material
7
 TPH=Total Petrolium Hydrocarbons  ; GSD=Grain Size Distribution ;  M= Metal and General Chemistry 
























































Hottpad, Chevron.  Test No. 4
Start Date December 13, 2016
Completion Date December 18, 2016







































 TPH=Total Petrolium Hydrocarbons  ; GSD=Grain Size Distribution ;  M= Metal and General Chemistry 
O= Odor, Fixed Gases andt total VOCs ; TO= TO-15 ; TI= Tentatively Identified Compounds 
8
 30 minutes sampling time
9
 60 minutes sampling time
10
 60 minutes sampling time, Sampling start time not available. 
11
 110 minutes sampling time
12
 120 minutes sampling time
2016-12-16 7:00 Run 4 Metals in Air
2016-12-16 9:30 Run 5 Metals in Air
2016-12-17 12:00 Run 6 Metals in Air
2016-12-14 18:30 Run 1 Metals in Air
2016-12-14 23:00 Run 2 Metals in Air












2016-12-15 7:54 Stack Run 3 O,TO,TI
2016-12-15 8:54 CA-IN Run 4 O,TO,TI
Isokinetic
2016-12-15 11:20 Isokinetic




2016-12-14 15:14 CA-IN Run 1 O,TO,TI

































































0 142 220 795 1256 5701 1851 2761 2831 3784 3806 4301 5701 5981 
oC  = Degrees Celcius   
min = minutes
cm  = centimetres
TC  = Thermocouple
%   =  Percentage
KO = Knockout Tank
TO-15 = Toxic Organic 
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COmpounds in Air Analysis
Test 4 Maximum Observed Temperatures 
Chevron Hottpad Field Demonstration
Feb-17
Figure 4



















































































































°C - degrees celcius
Height represents cm above top of hottpad screen.




















































Elapsed Time (min) ["0" = Heater ON]
Test FS4 CEMS Data
VOCs (ppm C3H8) CO (ppm) Pads 1+6 ON
Pads 3+4 ON Heater ON Pad 2 & 5 Heater OFF Pad 2 & 5


















































































Test FS4 Mass Loss
TABLE E-1 TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Pre-Test 4-02 Pre-Test 4-03 Pre-Test 4-04
Sample Date 09-Dec-16 09-Dec-16 09-Dec-16
Description / Location Pre test 4 Sample Pre test 4 Sample Pre test 4 Sample
Moisture Content (%) 18.9 17.0 19.7
VOCs (µg/g) - - -
Benzene - - -
Toluene - - -
Ethylbenzene - - -
Total Xylenes - - -
TPH Fractions (µg/g)
TPH C6-C9 <17.2 <17.1 <17.0
TPH C10-C14 63.6 66.9 <37.5
TPH C15-C28 4,180 4,240 1,250
TPH C29-C36 2,430 2,690 1,510
Total Petroleum Hydrocarbons (µg/g)
Sample ID Post-Test 4-01 Post-Test 4-02 Post-Test 4-03 Post-Test 4-04
Sample Date 21-Jan-17 21-Jan-17 21-Jan-17 21-Jan-17
Description / Location
Post-test 4 sample (treated 
material) - composite from 
Pads 2 and 5
Post-test 4 sample (partially 
treated material) - collected 
from Pad 5
Post-test 4 sample 
(untreated material) - 
composite from Pads 3 and 
4
Post-test 4 sample 
(untreated material) - 
composite from Pads 1 and 
6
Moisture Content (%) 0.2 13.1 22.5 22.9
VOCs (µg/g)
Benzene <0.0605 <0.0605 <0.0608 <0.0608
Toluene <0.158 <0.158 <0.159 <0.159
Ethylbenzene <0.0809 <0.0808 <0.0813 <0.0813
Total Xylenes <0.322 <0.322 <0.324 <0.324
TPH Fractions (µg/g)
TPH C6-C9 <17.6 <17.6 <17.7 <17.7
TPH C10-C14 <25.0 <50.0 <50.0 <25.0
TPH C15-C28 <25.0 6,800 3,950 3,250
TPH C29-C36 <100 2,360 1,840 1,530
Total Petroleum Hydrocarbons (µg/g) ND 9,160 5,790 4,780
Notes:
N/A - analysis not applied
ND- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg/g - micrograms per gram
VOC - volatile organic compound
% - percent by weight
TPH - total petroleum hydrocarbon
Test 4
Test 4
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TABLE E-4 METALS AND GENERAL CHEMISTRY 
Chevron Hottpad Field Demonstration
Sample ID Pre-Test 04-01 Pre-Test 04-02 Pre-Test 04-03 Pre-Test 04-04




Fluoride 100 - - - -
Arsenic 1.0 0.0051 0.0054 0.005 0.0048
Lead 1.0 0.0021 0.0047 0.0042 0.0025
Antimony N/A <0.0040 <0.0040 <0.0040 <0.0040
Barium 70 1.1 1.1 1.10 1.3
Beryllium NA <0.0040 <0.0040 <0.0040 <0.0040
Cadmium 0.3 0.0021 0.0019 0.0024 0.0011
Chromium 5.0 0.0062 0.0072 0.0064 0.011
Copper N/A 0.055 0.055 0.066 0.04
Selenium 1.0 0.0036 <0.010 <0.010 0.0033
Thallium N/A <0.010 <0.010 <0.010 <0.010
Zinc N/A 1.2 1.2 1.4 0.84
Mercury 0.1 <0.0020 <0.0020 <0.0020 <0.0020
PPL Metals (mg/kg)
Antimony N/A 0.64 0.75 0.62 0.51
Arsenic N/A 9.8 11 11 8.8
Barium N/A 190 200 200 230
Beryllium N/A 0.47 0.52 0.49 0.57
Cadmium N/A 0.41 0.38 0.4 0.4
Chromium N/A 36 41 38 39
Copper N/A 150 140 140 140
Lead N/A 38 35 35 30
Mercury N/A 0.69 0.7 1.3 0.41
Nickel N/A 21 23 20 18
Selenium N/A 1.5 1.7 1.6 1.5
Thallium N/A 0.18 0.17 0.19 0.19
Zinc N/A 320 300 320 240
General Chemistry
Total Organic Carbon (mg/kg) N/A - - - -
Flashpoint (0C) N/A - - - -
pH N/A - - - -
Chromium VI (mg/kg) N/A - - - -
Cyanide, Reactive (mg/kg) N/A - - - -
Sulfide, Reactive (mg/kg) N/A - - - -
Fluoride, Soluble (mg/kg) N/A - - - -
Moisture Content (%) N/A 16.6 18.5 18.5 22.2
Notes:
N/A- not applicable
"-"- analysis not applied 
Bold - analyte detected
< - analyte not detected; associated value is detection limit
mg/L- milligram per litre
mg/kg- milligram per kilogram
%- percent by weight
TCLP- toxicity characteristic leaching procedure 
PPL- priority polutant list
Highlighted -MS/MSD is outside acceptance limits
Test 4
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TABLE E-4 METALS AND GENERAL CHEMISTRY 
Chevron Hottpad Field Demonstration
Sample ID Post-Test 04-01 Post-Test 04-02 Post-Test 04-03 Post-Test 04-04




Fluoride 100 <2.0 <2.0 <2.0 <2.0
Arsenic 1.0 <0.130 <0.130 <0.130 <0.130
Lead 1.0 <0.038 <0.038 <0.038 <0.038
Antimony N/A <0.063 <0.063 <0.063 <0.063
Barium 70 0.098 0.260 0.300 0.340
Beryllium NA <0.0063 <0.0063 <0.0063 <0.0063
Cadmium 0.3 0.0031 <0.0063 <0.0063 <0.0063
Chromium 5.0 0.091 <0.130 <0.130 <0.130
Copper N/A 0.057 0.055 0.039 0.044
Selenium 1.0 <0.063 <0.063 <0.063 <0.063
Thallium N/A <0.025 <0.025 <0.025 <0.025
Zinc N/A 1.100 0.350 0.500 0.600
Mercury 0.1 <0.0010 0.00018 0.00018 0.00017
PPL Metals (mg/kg)
Antimony N/A 0.70 0.87 - -
Arsenic N/A 9.9 8.1 - -
Barium N/A 180 180 - -
Beryllium N/A 0.51 0.45 - -
Cadmium N/A 0.49 0.45 - -
Chromium N/A 36 28 - -
Copper N/A 130 120 - -
Lead N/A 36 29 - -
Mercury N/A <0.020 1.2 - -
Nickel N/A 21 16 - -
Selenium N/A 1.5 1.3 - -
Thallium N/A 0.24 0.21 - -
Zinc N/A 300 290 - -
General Chemistry
Total Organic Carbon (mg/kg) N/A - - - -
Flashpoint (0C) N/A >100 >100 >100 >100
pH N/A 6.4 6.7 6.8 6.8
Chromium VI (mg/kg) N/A 4.3 0.48 0.40 0.41
Cyanide, Reactive (mg/kg) N/A <10 <10 <9.9 <9.9
Sulfide, Reactive (mg/kg) N/A <10 <10 <9.9 <9.9
Fluoride, Soluble (mg/kg) N/A - - - -
Moisture Content (%) N/A 1.5 13.0 23.8 23.5
Notes:
N/A- not applicable
"-"- analysis not applied 
Bold - analyte detected
< - analyte not detected; associated value is detection limit
mg/L- milligram per litre
mg/kg- milligram per kilogram
%- percent by weight
TCLP- toxicity characteristic leaching procedure 
PPL- priority polutant list
Test 4
Highlighted -MS/MSD is outside acceptance limits
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TABLE E-5 PARTICULATE MATTER ANALYSIS 
Chevron Hottpad Field Demonstration
Sample ID Day 1 - Run 1 Day 2 - Run 1 Day 2 - Run 2 Day 3 - Run 1
Sample Date 14-Dec-16 15-Dec-16 15-Dec-16 16-Dec-16
Sampling Time 15:00 - 16:00 06:30 - 07:30 13:00 - 14:00 01:00 - 02:00




) 0.9836 0.9718 0.9760 0.9516
Average Meter Temperature (0C) 30 26 33 24
Average Stack Temperature (0C) 56 71 73 73
Moisture Content (%) 11.5 18.2 25.8 20.6
Particulate Collected (mg) 10 14 14 16
Volume Standard (Nm
3
) 0.9432 0.94252 0.9272 0.9299
Particulate Matter Concentration (mg/Nm
3
) 10.6 14.8 15.1 17.2
Notes:
% - percent by weight
Nm
3
- normal cubic meter
mg/Nm
3
- milligram per normal cubic meter
Test 4
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TABLE E-6 ODOUR, FIXED GASES TOTAL VOCs ANALYSIS 













Sample ID CA-IN Run 1 CA-IN Run 2 Stack Run 3 CA-IN Run 4 Stack Run 5 CA-IN Run 6
Sample Date 14-Dec-16 15-Dec-16 15-Dec-16 15-Dec-16 15-Dec-16 16-Dec-16
Sample Time 15:14 - 15:44 06:22 - 06:52 07:54 - 08:24 08:54 - 09:24 09:53 - 10:23 00:26 - 00:56
Duration (min) 30 30 30 30 30 30
Odorous Compounds (ppmv)
Hydrogen Sulfide <0.452 <0.555 <0.541 <0.523 <0.594 <0.555
Carbonyl Sulfide <0.287 1.51 <0.344 1.59 <0.377 1.74
Methyl Mercaptan <0.349 <0.429 <0.418 <0.404 <0.459 <0.429
Dimethyl Sulfide <0.290 <0.356 <0.347 <0.335 <0.381 <0.356
Carbon Disulfide <0.147 <0.180 <0.176 <0.170 <0.193 <0.180
Dimethyl Disulfide <0.151 <0.185 <0.180 <0.174 <0.198 <0.185
Other Sulfur as Hydrogen Sulfide <0.452 <0.555 <0.541 <0.523 <0.594 <0.555
Fixed Gas (%)
Hydrogen <0.543 <0.264 <0.258 <0.249 <0.283 <0.264
Oxygen 21.7 17.4 19.3 19.4 19.1 18.9
Nitrogen 78.3 67.0 75.6 75.4 74.5 74.7
Carbon Monoxide <0.306 <0.149 <0.145 <0.140 <0.159 <0.149
Methane <0.194 <0.0943 <0.0920 <0.0889 <0.101 <0.0944
Carbon Dioxide 0.587 1.39 1.68 1.53 1.73 1.85
Total VOCs (ppmv)
Methane 76.5 125 155 144 172 192
Total VOC as Propane 78.4 168 126 196 144 248
Notes:
Bold - analyte detected
< - analyte not detected; associated value is detection limit
ppmv- parts per million by volume
%- percent by weight
VOC - volatile organic compound
Test 4
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TABLE E-7 TO-15 VOCs EMISSIONS ANALYSIS 









TO-15 VOCs in Air 
Propylene 16,185 28,311 20,123 35,201 22,424 39,224
Freon 12 (CCl2F2) <41.6 <209 <46.4 <233 <45.3 <227
Freon 114 (C2Cl2F4) <40.7 <289 <45.4 <323 <44.3 <315
Chloromethane 231 485 406 852 449 943
Chloroethene (Vinyl chloride) <42.4 <110 <47.3 <123 <46.2 <120
1,3-Butadiene 561 1,262 504 1,134 63.0 142
Bromomethane <38.6 <152 43.6 172 <42.0 <166
Chloroethane <38.2 <102 <42.6 <114 48.7 131
Bromoethene (Vinyl bromide) <44.1 <196 <49.2 <219 <48.0 <214
Freon 11 (CCl3F) <44.9 <257 <50.2 <286 <49.0 <280
Ethanol 204 391 1,069 2,048 583 117
Acrolein <43.2 <101 <48.3 <112 <47.1 <110
Freon 113 (C2Cl3F3) <45.8 <357 <51.1 <398 <49.9 <388
1,1-Dichloroethene <45.8 <185 <51.1 <206 <49.9 <201
Acetone 1,879 4,537 7,860 18,977 341 824
Carbon disulfide 148 468 313 991 48.5 154
Isopropyl alcohol <46.6 <117 105 263 <50.8 <127
Allyl chloride (3-chloropropene) <46.6 <148 <52.1 <166 <50.8 <162
Acetonitrile 518 883 7,156 12,212 6,509 11,108
Methylene chloride 69.9 247 78.2 276 72.2 255
trans-1,2-Dichloroethene <44.1 <178 <49.2 <198 <48.0 <194
Methyl tert-butyl ether <44.9 <165 <50.2 <184 <49.0 <179
Acrylonitrile 106 233 300 661 <50.8 <112
Hexane 721 2,584 981 3,516 <48.0 <172
1,1-Dichloroethane <44.1 <181 <49.2 <202 <48.0 <198
Vinyl acetate <44.9 <161 <50.2 <180 <49.0 <175
cis-1,2-Dichloroethylene <43.7 <176 <48.7 <196 <47.6 <192
Methyl ethyl ketone (2-Butanone) 372 1,114 1,701 5,098 50.4 151
Ethyl acetate <45.4 <166 <50.6 <185 <49.4 <181
Chloroform <44.1 <219 <49.2 <244 <48.0 <238
Tetrahydrofuran <44.5 <133 <49.7 <149 <48.5 <145
1,1,1-Trichloroethane <44.5 <247 <49.7 <276 <48.5 <269
Cyclohexane <44.1 <154 <49.2 <172 <48.0 <168
Carbon tetrachloride <43.7 <279 <48.7 <312 <47.6 <304
Benzene 2,764 8,974 4,844 15,730 56.6 184
2,2,4-trimethylpentane <44.5 <211 <49.7 <236 <48.5 <230
1,2-Dichloroethane <44.1 <181 <49.2 <202 <48.0 <198
Heptane 584 2,433 1,471 6,128 <47.1 <196
Trichloroethane <44.5 <243 <49.7 <271 <48.5 <265
1,2-Dichloropropane <44.5 <209 <49.2 <233 <48.5 <228
Methyl methacrylate <44.5 <185 <49.7 <207 <48.5 <202
1,4-Dioxane <43.2 <158 <48.3 <177 <47.1 <173
Bromodichloromethane <44.5 <303 <49.7 <338 <48.5 <330
cis-1,3-Dichloropropene <43.2 <200 <48.3 <223 <47.1 <217
Methyl isobutyl ketone <42.0 <175 59.1 246 <45.7 <190
Toluene 1,600 6,128 2,904 11,122 44.8 171
trans-1,3-Dichloropropene <44.1 <203 <49.2 <227 <48.0 <222
1,1,2-Trichloroethane <44.9 <249 <50.2 <278 <49.0 <271
Tetrachloroethene <45.4 <313 <50.6 <349 <49.4 <341
2-Hexanone (Methyl butyl 
ketone)
<44.5 <185 174 723 <48.5 <202
Dibromochloromethane <44.5 <385 <49.7 <430 <48.5 <420
1,2-Dibromoethane <44.1 <344 <49.2 <383 <48.0 <375
Chlorobenzene <44.9 <210 <50.2 <235 <49.0 <229
Ethylbenzene 225 992 552 2,435 <47.1 <208
1,1,1,2-Tetrachloroethane <45.4 <317 <50.6 <353 <49.4 <345
m-/p-Xylenes 498 2,198 1,265 5,583 <94.2 <416
o-Xylene 220 970 669 2,951 <48.0 <212
Styrene 65.3 283 196 848 <47.6 <206
Bromoform <43.2 <454 <48.3 <507 <47.1 <495
1,1,2,2-Tetrachloroethane <44.1 <308 <49.2 <343 <48.0 <335
4-Ethyltoluene 39.8 199 138 689 <46.6 <233
2-Chlorotoluene <44.5 <234 <49.7 <261 <48.5 <255
1,3,5-Trimethylbenzene <42.8 <214 162 812 <46.6 <233
1,2,4-Trimethylbenzene 115 574 734 3,668 <46.6 <233
1,3-Dichlorobenzene <44.1 <269 <49.2 <301 <48.0 <293
1,4-Dichlorobenzene <42.8 <262 <47.8 <292 <46.6 <285
Benzyl chloride <44.1 <232 <49.2 <259 <48.0 <253
1,2-Dichlorobenzene <42.8 <262 <47.8 <292 <46.6 <285
1,2,4-Trichlorobenzene <41.6 <313 <46.4 <350 <45.3 <341
Hexachlorobutadiene <43.2 <469 <48.3 <523 <47.1 <511
Naphthalene <45.8 <244 196 1,042 163 867
Notes:
Bold - analyte detected
< - analyte not detected; associated value is detection limit
ppbv- parts per billion by volume
µg/m3- microgram per cubic meter
VOC - volatile organic compound
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TABLE E-7 TO-15 VOCs EMISSIONS ANALYSIS 









TO-15 VOCs in Air 
Propylene 22,743 39,783 22,896 40,050 23,273 40,710
Freon 12 (CCl2F2) <49.9 <251 <45.0 <226 <46.9 <236
Freon 114 (C2Cl2F4) <48.8 <347 <44.1 <313 <45.9 <326
Chloromethane 439 921 450 944 460 964
Chloroethene (Vinyl chloride) <50.9 <132 <45.9 <119 <47.8 <124
1,3-Butadiene 560 1,260 73.5 165 558 1,256
Bromomethane <46.3 <183 <41.8 <165 <43.5 <172
Chloroethane <45.8 <123 <41.3 <111 <43.1 <115
Bromoethene (Vinyl bromide) <52.9 <235 <47.8 <212 <49.8 <221
Freon 11 (CCl3F) <53.9 <308 <48.7 <278 <50.7 <290
Ethanol 1,613 3,089 1,127 2,158 1,058 2,026
Acrolein <51.9 <121 <46.8 <109 <48.8 <114
Freon 113 (C2Cl3F3) <55.0 <428 <49.6 <386 <51.7 <402
1,1-Dichloroethene <55.0 <221 <49.6 <200 <51.7 <208
Acetone 7,771 18,761 735 1,775 4,658 11,247
Carbon disulfide 256 810 80.0 253 249 788
Isopropyl alcohol 84.0 210 <50.5 <126 <52.6 <131
Allyl chloride (3-chloropropene) <56.0 <178 <50.5 <161 <52.6 <167
Acetonitrile 8,677 14,807 6,939 11,841 7,327 12,503
Methylene chloride 75.5 266 68.5 242 71.0 251
trans-1,2-Dichloroethene <52.9 <213 <47.8 <192 <49.8 <201
Methyl tert-butyl ether <53.9 <198 <48.7 <178 <50.7 <186
Acrylonitrile 431 951 <50.5 <111 289 638
Hexane 1,154 4,132 <47.8 <171 1,230 4,407
1,1-Dichloroethane <52.9 <218 <47.8 <196 <49.8 <205
Vinyl acetate <53.9 <193 <48.7 <174 <50.7 <181
cis-1,2-Dichloroethylene <52.4 <211 <47.3 <191 <49.3 <199
Methyl ethyl ketone (2-Butanone) 1,869 5,602 117 352 1,323 3,965
Ethyl acetate <54.4 <199 <49.1 <180 <51.2 <187
Chloroform <52.9 <263 <47.8 <237 <49.8 <247
Tetrahydrofuran <53.4 <160 <48.2 <145 <50.2 <151
1,1,1-Trichloroethane <53.4 <296 <48.2 <267 <50.2 <279
Cyclohexane <52.9 <185 <47.8 <167 <49.8 <174
Carbon tetrachloride <52.4 <335 <47.3 <302 <49.3 <315
Benzene 5,447 17,688 72.1 234 5,704 18,521
2,2,4-trimethylpentane <53.4 <254 <48.2 <229 <50.2 <239
1,2-Dichloroethane <52.9 <218 <47.8 <196 <49.8 <205
Heptane 1,686 7,023 <46.8 <195 1,683 7,010
Trichloroethane <53.4 <292 <48.2 <263 <50.2 <274
1,2-Dichloropropane <53.4 <251 <48.2 <226 <50.2 <236
Methyl methacrylate <53.4 <222 <48.2 <201 <50.2 <209
1,4-Dioxane <51.9 <190 <46.8 <172 <48.8 <179
Bromodichloromethane <53.4 <364 <48.2 <328 <50.2 <342
cis-1,3-Dichloropropene <51.9 <239 <46.8 <216 <48.8 <225
Methyl isobutyl ketone 65.4 272 <45.5 <189 62.3 259
Toluene 3,492 13,376 59.9 229 3,729 14,281
trans-1,3-Dichloropropene <52.9 <244 <47.8 <220 <49.8 <230
1,1,2-Trichloroethane <53.9 <299 <48.7 <270 <50.7 <281
Tetrachloroethene <54.4 <375 <49.1 <339 <51.2 <353
2-Hexanone (Methyl butyl 
ketone)
180 749 <48.2 <201 158 658
Dibromochloromethane <53.4 <463 <48.2 <417 <50.2 <435
1,2-Dibromoethane <52.9 <413 <47.8 <373 <49.8 <389
Chlorobenzene <53.9 <252 <48.7 <228 <50.7 <237
Ethylbenzene 656 2,897 <46.8 <207 763 3,367
1,1,1,2-Tetrachloroethane <54.4 <380 <49.1 <343 <51.2 <357
m-/p-Xylenes 1,503 6,634 41.7 184 1,672 7,379
o-Xylene 801 3,537 <47.8 <211 886 3,908
Styrene 245 1,059 <47.3 <205 268 1,161
Bromoform <51.9 <545 <46.8 <492 <48.8 <513
1,1,2,2-Tetrachloroethane <52.9 <369 <47.8 <333 <49.8 <347
4-Ethyltoluene 178 887 <46.4 <232 185 922
2-Chlorotoluene <53.4 <281 <48.2 <254 <50.2 <264
1,3,5-Trimethylbenzene 185 925 <46.4 <232 210 1,048
1,2,4-Trimethylbenzene 925 4,624 <46.4 <232 1,015 5,073
1,3-Dichlorobenzene <52.9 <323 <47.8 <292 <49.8 <304
1,4-Dichlorobenzene <51.4 <314 <46.4 <283 <48.3 <295
Benzyl chloride <52.9 <278 <47.8 <251 <49.8 <262
1,2-Dichlorobenzene <51.4 <314 <46.4 <283 <48.3 <295
1,2,4-Trichlorobenzene <49.9 <376 <45.0 <339 <46.9 <354
Hexachlorobutadiene <51.9 <563 <46.8 <508 <48.8 <529
Naphthalene 343 1,825 214 1,140 419 2,233
Notes:
Bold - analyte detected
< - analyte not detected; associated value is detection limit
ppbv- parts per billion by volume
µg/m3- microgram per cubic meter
VOC - volatile organic compound
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TABLE E-8 TENTATIVELY IDENTIFIED COMPOUNDS 





Compound ppbv Compound ppbv Compound ppbv Compound ppbv Compound ppbv Compound ppbv
Isobutane 615 Isobutane 769 Isobutane 404 Isobutane 840 Isobutane 781 Isobutane 933
2-Methyl-1-propene 3,138 2-Methyl-1-propene 3,786 2-Methyl-1-propene 1,039 2-Methyl-1-propene 3,562 2-Methyl-1-propene 2,422 2-Methyl-1-propene 4,760
2-Methylbutane 488 Acetaldehyde 2,082 Acetaldehyde 854 Acetaldehyde 2,035 Acetaldehyde 758 Acetaldehyde 1,662
Pentane 1,177 Methyl alcohol 1,112 Undecane 57.7 Methyl alcohol 1,297 Methyl alcohol 964 Methyl alcohol 837
Furan 435 2-Methylbutane 603 Dodecane 462 2-Methylbutane 700 Dodecane 654 1-Pentene 885
2-Methylpentane 350 1-Pentene 757 Butene isomer 150 1-Pentene 852 Tridecane 1,779 Pentane 1,961
1-Hexene 710 Pentane 1,514 Butene isomer 162 Pentane 1,819 Butene isomer 253 Undecane 1,256
Octane 466 Furan 592 Methyl alcohol 473 3-Methylbutanal 661 Butene isomer 356 Dodecane 2,643
Butene isomer 710 3-Methylbutanal 651 Unknown hydrocarbon 139 Octane 903 Unknown hydrocarbon 184 Butene isomer 1,029
Acetaldehyde 318 Octane 757 Unknown hydrocarbon 57.7 Undecane 1,208 Unknown hydrocarbon 195 Butene isomer 993
Butene isomer 700 Undecane 603 Unknown hydrocarbon 80.8 Dodecane 2,671 Unknown hydrocarbon 149 Pentene isomer 1,064
1-Pentene 657 Dodecane 2,224 Unknown hydrocarbon 150 Butene isomer 954 Unknown hydrocarbon 253 Methylbutene isomer 2,189




Pentene isomer 329 Butene isomer 911 Unknown hydrocarbon 173 Pentene isomer 954 Unknown hydrocarbon 482 Unknown C6 Alkene 789






1,337 Unknown hydrocarbon 416 1-Hexene 1,463 Unknown hydrocarbon 321 Octane 981
Hexene isomer 350 Unknown C6 Alkene 580
Unknown hydrocarbon / 
Tetradecane*
173 Unknown C6 Alkene 674 Unknown hydrocarbon 436 Unknown hydrocarbon 981
Unknown C6 Alkene 392 Unknown hydrocarbon 864 Unknown hydrocarbon 185 Unknown hydrocarbon 992 Unknown hydrocarbon 287 Unknown hydrocarbon 801
Hexene isomer 403 Unknown hydrocarbon 615 Unknown hydrocarbon 150 Unknown hydrocarbon 763 Unknown hydrocarbon 207 Unknown hydrocarbon 765





ppbv- parts per billion by volume




























15:14 - 15:44 06:22 - 06:52 07:54 - 08:24 08:54 - 09:24 09:53 - 10:23 00:26 - 00:56
30 30 30 30 30
16-Dec-16
CA-IN Run 1 CA-IN Run 2 Stack Run 3 CA-IN Run 4 Stack Run 5 CA-IN Run 6
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TABLE E-9 BATANGAS ISOKINETIC EMISSIONS ANALYSIS
Chevron Hottpad Field Demonstration
Batangas, Philippines
Sample ID Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
Sample Date 15-Dec-16 15-Dec-16 15-Dec-16 15-Dec-16 15-Dec-16 15-Dec-16
Sample Time 08:45 - 09:45 10:05 - 11:05 11:20 - 12:20





Exhaust Gas Flow Rate, dry (Nm
3
/min) N/A 43.3 42.4 43.3 43.2 43.4 43.8
Exhaust Gas Flow Rate, actual (m
3
/min) N/A 58.4 57.3 58.6 57.8 58.4 59.4
Moisture Content (%) N/A 17.5 18.4 18.3 17.6 18.0 18.3
Stack Gas Temperature (°C) N/A 57 54 55 54 53 55
Carbon Dioxide Concentration (%) N/A 0 0 0 0 0 0
Oxygen Concentration (%) N/A 21.0 21.0 21.0 21.0 21.0 21.0
Mass Emission Rate (kg/hr) N/A 0.021 0.0190 0.015 0.029 0.031 0.034
Sulfur Oxide Emissions as SO 2
Concentration (mg/Ncm) 700 1 1 1 1 1 1
Mass Emission Rate (kg/hr) N/A 0.002 0.002 0.002 0.002 0.002 0.002
Nitrogen Oxide Emissions as NO 2
Concentration (mg/Ncm) 2,000 20 21 19 21 20 19
Mass Emission Rate (kg/hr) N/A 0.052 0.052 0.052 0.053 0.052 0.049
Carbon Monoxide Emissions
Concentration (mg/Ncm) 500 - - - - - -
Mass Emission Rate (kg/hr) N/A - - - - - -
Notes:
N/A- not applicable
"-"- analysis not applied 
Bold - analyte detected
< - analyte not detected; associated value is detection limit
%- percent by weight
Nm
3
/min- normal cubic meter per minute
m
3
/min- cubic meter per minute
mg/Ncm- milligram per normal centimeter
kg/hr- kilogram per hour
Test 4
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TABLE E-10 HOTTPAD TEST 4 EMISSIONS METAL IN AIR 
Chevron Hottpad Field Demonstration
Sample ID Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
Sample Date 14-Dec-16 14-Dec-16 15-Dec-16 16-Dec-16 16-Dec-16 17-Dec-16
Sample Time 18:30 - 20:20 23:00 - 01:00 03:00 - 05:00 07:00 - 09:00 009:30 - 11:30 12:00 -14:00
Duration (min) 110 120 120 120 120 120
Parameter
DENR Source Emissions 
Screening Level
Exhaust Gas Flow Rate, dry (Nm
3
/min) N/A 47.6 45.0 43.5 46.5 45.2 44.7
Exhaust Gas Flow Rate, actual (m
3
/min) N/A 54.3 56.1 57.5 54.1 55.5 56.2
Moisture Content (%) N/A 5.3 11.0 14.5 6.1 11.1 13.3
Stack Gas Temperature (°C) N/A 47 56 61 50 49 49
Carbon Dioxide Concentration (%) N/A 0.0 0.0 0.0 0.0 0.0 0.0
Oxygen Concentration (%) N/A 21.0 21.0 21.0 21.0 21.0 21.0
Arsenic
Concentration (mg/Ncm) 10 0.123 0.173 0.207 ND ND ND
Mass Emission Rate (kg/hr) N/A 0.000 0.000 0.001 ND ND ND
Cadmium
Concentration (mg/Ncm) 10 0.799 0.561 0.825 0.671 0.618 0.711
Mass Emission Rate (kg/hr) N/A 0.002 0.002 0.002 0.002 0.002 0.002
Copper
Concentration (mg/Ncm) 100 1.197 ND ND 2.609 ND ND
Mass Emission Rate (kg/hr) N/A 0.003 ND ND 0.007 ND ND
Nickel
Concentration (mg/Ncm) 20 ND ND ND ND ND ND
Mass Emission Rate (kg/hr) N/A ND ND ND ND ND ND
Lead
Concentration (mg/Ncm) 10 ND 7.418 ND ND ND ND
Mass Emission Rate (kg/hr) N/A ND 0.020 ND ND ND ND
Antimony
Concentration (mg/Ncm) 10 ND ND ND ND ND ND
Mass Emission Rate (kg/hr) N/A ND ND ND ND ND ND
Zinc
Concentration (mg/Ncm) 100 6.759 6.954 16.098 14.070 8.525 11.616
Mass Emission Rate (kg/hr) N/A 0.019 0.019 0.042 0.039 0.023 0.031
Mercury
Concentration (mg/Ncm) 5 ND ND ND ND ND ND
Mass Emission Rate (kg/hr) N/A ND ND ND ND ND ND
Notes:
N/A- not applicable
ND- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit
%- percent by weight
Nm
3
/min- normal cubic meter per minute
m
3
/min- cubic meter per minute
mg/Ncm- milligram per normal centimeter
kg/hr- kilogram per hour
Test 4
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Hottpad Test 4 Power Consumption




Heater operational issues caused by high moisture in the electrical plenums caused frequent and reoccuring 
shutdowns of the heaters. Only Pads 2&5 completed an ignition sequence. 
Due to the sparratic operation of the heaters, only the blower power is plotted here.
kW - kiloWatt










































M‐210 M‐220 M‐230 Total Blower Power Total Blower Energy






Thermocouple layout mixed material loading at 0 cm height 
Mixing pile of re used soil matrix and waste sludge 






Thermocouple layout and mixed material loading at 0.5 m height 
Thermocouple layout and mixed material loading at 1 m height 






Thermocouple layout at top of clean cap - 1.5 m height 





Test 4 - Loading Operation Notes:
High temperature tarp placement. Front view.






Manual removal of vapor capturing tarp
Removal of 50 cm height clean cap where condensates and 
moisture patches are observable






Unloading of treated material between 50 to 70 cm height. Treated soil in 
hottpad 2 and 5
Unloading of treated material between 70to 100 cm height. Treated soil in hottpad 






Unloading of treated material at 100 cm height. Treated soil in hottpad 2 and 5
Unloading of treated material at 30 cm. Treated soil in hottpad 2 and 5
TS0001





Manual unloading of treated material at the base of the hottpads. 
Test FS5 
The main objectives for Test FS5 were to assess the state of the equipment after not being 
operated since 2016 and to evaluate the modifications completed in 2017, specifically the 
vertical steel walls and improved vapour capture system. S-1 aggregate was used to blend 
primarily surge pond sludge at soil sludge volume ratio of 5.3:1 and piled to a height of 2m, with 
a 0.5m thick sand cap. The same rolling ignition procedure from Test FS3 and Test FS4 was 
used during Test FS5. The target Darcy flux for Test FS5 was 1.0cm/s but observed rates over 
the course of the test averaged to approximately 0.9cm/s; equating to flow rates of about 
425m3/hr per pad or 2 550m3/hr total. No significant operational issues were encountered during 
Test FS5. 




Fuel Type Chevron Batangas Terminal sludge from surge pond 
Mixing matrix Material S1 aggregate - reused from 2016 Tests
Clean Cap Material Clean S1 aggregate
Height of Sand and Suldge Mix 2.0 m 6.6 ft
Height of Clean Cap Layer 0.5 m 1.6 ft
Total Height of Pile 2.5 m 8.2 ft
Clean Mixing Soil Volume 160 scoops 160.0 m3
Fuel Volume 25 scoops 25.0 m3
Saturation 0.36 16 % by vol.
Approximate Volume directly over pads1 160 scoops 162 m3
Approximate Volume of clean cap 30 scoops 45 m3
Total Volume added to the pile 190 scoops 224 m3
Target Process Air Rate per Pad 8 m3/min 286 scfm
Equivalent Darcy velocity 0.61 m/min 1.02 cm/s
Process Air Rate during cooling 0 m3/min N/A  scfm
Heaters Setpoint 450 oC
Extraction Flowrate 60 m3/min 2143 scfm
Extraction Vacuum -23 in.H20 -5.7 kPa
Times:
Approximate Mixing Time 8 hr 
Loading Time 8 hr
Extraction Air ON -140 min -2.33 hr
Injection Air ON -130 min -2.17 hr
Heaters 3 & 4 ON 0 min 0.00 hr
Heaters 3 & 4 OFF 950 min 15.83 hr
Heaters 1 & 6 ON 955 min 15.92 hr
Combustion Started (CO >50 ppm) 972 min 16.20 hr
Heater 6 OFF due to spark observed by crew 1225 min 20.42 hr
Heater 1 OFF & Heaters 2 & 5 ON 2270 min 37.83 hr
Heaters 2 & 5 OFF 3135 min 52.25 hr
Max CO concentration (ppm) 2119 ppm 54.44 hr
GAC connected to vapour treatment train 9155 min 152.58 hr
Generator failure 9170 min 152.83 hr
Alternate generator turned on 9175 min 152.92 hr
Injection Air OFF 11180 min 186.33 hr
Unloading Time 8 hr
TOTAL Test Time 321 hr
Max temperature reached in pile and location 521 oC
Maximum temperature recorded on exterior of walls 79 ºC
Maximum pile & location Temperature reached at Pad 1 475
oC
Maximum pile & location Temperature reached at Pad 2 471 oC
Maximum pile & location Temperature reached at Pad 3 288 oC
Maximum pile & location Temperature reached at Pad 4 521 oC
Maximum pile & location Temperature reached at Pad 5 412 oC
Maximum pile & location Temperature reached at Pad 6 197 oC
Condensate Noticable in Extraction System (Y/N)
Approximate Volume of Condensate throughout entire test2 500 L
Approximate volume of untreated soil remaining3 27 m3
Approximate location(s) of primary untreated pockets 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Comments:
m = meter; m3 = cubic meter; ft = feet; scoops = excavator scoop; min = minute; hr = hour; ppm = part per million; s = seconds 
L = Litre; scfm = standard cubic feet per minute; mmH2O = millimeters of water;  
oC = Degrees Celsius; % = percentage ; Vol. = Volume
1 Based on CEMs calculation of percentage of target mass of fuel over pads, and using estimated densities from bucket test from 2016;
Density of mixed material from test 3= 1566.33 Kg/m3; density of sludge = 1230 Kg/m3; density of clean material = 1565 Kg/m3
2 Rough estimate, done by the estimated volume drained from the wet scrubber, stack and the condensates observed coming 
out of the stack, and frequency of draInage.  
3 Volume calculated using the percentage of untreaded fuel estimated by the CEMs data;
 Volume of untreated material= Target volume over pads*  Percentage of untreated material
C-0
B-0





Test 1 PT2 TPH,TCLP,TM,N,O,I,C
























4 TPH = Total Petrolium Hydrocarbons; GSD = Grain Size Distribution;  M = Metal and General Chemistry;
TCLP = Toxicity Characteristic Leaching Procedure; TM = Total Metals; N = Nutrients; O = Organics; I = Inorganics; C = Combustion
2/10/2018 16:00
2/11/2018












Test 1 - Temperature Profiles - Bundle A




     oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
*Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 1 - Temperature Profiles - Bundle B




        oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
*Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx 50 cm high.
TC = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 1 - Temperature Profiles - Bundle C 




       oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
*Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 1 - Temperature Profiles - Bundle D




       oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
*Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 1 - Temperature Profiles - Bundle E




    oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
*Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 1 - Temperature Profiles - Bundle F 




     oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
*Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 1 - Temperature Profiles - Bundle G




   oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
*Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 1 - Temperature Profiles - Bundle H 




    oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
*Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 1 - Temperature Profiles - Bundle I 




oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
*Thermocouple Bundle H
was placed horizontally in
the west side of the hottpad
pile at approx 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
East
ID X (m) Y (m) 2.5m
(0,0) 4.65m A 2.325 1.4
B 4.65 0.3 2.0m
C 6.975 1.4
D 0.3 4.2 1.5m
E 4.65 4.2
F 9.0 4.2
North South G 2.325 7.0
H 4.65 9.7 0.5m
I 6.975 7.0 0.25m
0m
We have 7 heights in each TC bundle but only 6 wires to connect. 
We will not use the 1.0m height.
Bundle H will be used as a sentry TC over the concrete ramp to 








2018 - Thermocouple Layout for Tests 1 & 3
Test 1 Maximum Observed Temperatures 





°C - degrees Celsius
Height represents distance (m) above top of Hottpad screen.
Temperatures presented represent maximum temperature
achieved for each location at any time during the test.
Temperature
























































































































Test 1 - CEMS, FID Emissions Profiles 




CEMS  = Continuous Emission Monitoring
ppm   = Part per million 
%Vol = Percentage Volume
Hrs  = Hours
CO  = Carbon Monoxide
CO2 = Carbon Dioxide
VOCs    = Volatile Organic Compounds
 
Test 1 - CEMS, FID Emissions Profiles 




CEMS  = Continuous Emission Monitoring
ppm   = Part per million 
%Vol = Percentage Volume
Hrs  = Hours
SO2 = Sulfur Dioxide
NO2 = Nitrogen Dioxide
Test 1 - CEMS, FID Emissions Profiles 




CEMS = Continuous Emission Monitoring
ppm   = Part per million 
% Vol = Percentage Volume
Hrs  = Hours
VOCs   = Volatile Organic Compounds


TABLE 2 -  TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
TEST 1 SAMPLES 



















Description / Location Untreated Mix for Test 1 - Sample No. 1
Treated Mix for Test 1 - 
Pads 1 & 6 mixed heights
Treated Mix for Test 1 - 
Pads 1 & 6 mixed heights
Partially Treated - Pads 3 & 
4 mixed heights
Partially Treated - Pads 3 & 
4 mixed heights
Physical & Aggregate Properties (%)
Ash Content 96.8 98 98.3 95.6 96.2
Moisture Content 6.4 7.0 3.9 8.4 8.6
Aggregate Properties (mg/kg)
Total Alkalinity as CaCO3 73 78 73 74 73
TPH Fractions (mg/kg)
TPH C6-C9 <5 <5 <5 <5 <5
TPH C10-C14 <50 <50 <50 58 63
TPH C15-C28 1,990 <100 <100 3,260 3,600
TPH C29-C36 658 <100 <100 948 1,070
TPH (mg/kg) 2,648 ND ND 4,266 4,733
Aggregate Organics (mg/kg) 5
Oil & Grease 3,420 <10 <10 5,130 6,060
Inorganic and Nonmetallic (mg/kg)
Hexavalent Chromium <0.5 <0.5 <0.5 <0.5 <0.5
Sulphate as SO4 9,320 20,300 16,800 8,360 8,020
Total Nitrogen as N 300 304 357 327 329
Ammonia as NH3 0.2 <0.1 <0.1 <0.1 <0.1
Nitrate (Sol.) <0.1 <0.1 <0.1 <0.1 <0.1
Total Cyanide <0.5 <0.5 <0.5 <0.5 <0.5
Nitrite as NO2 <0.1 <0.1 <0.1 <0.1 <0.1
Monocylic Aromatics (mg/kg)
Benzene <0.5 <0.5 <0.5 <0.5 <0.5
Toluene <0.5 <0.5 <0.5 <0.5 <0.5
Ethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5
meta- & para-Xylene <1 <1 <1 <1 <1
Styrene <0.5 <0.5 <0.5 <0.5 <0.5
ortho-Xylene <0.5 <0.5 <0.5 <0.5 <0.5
Isopropylbenzene <0.5 <0.5 <0.5 <0.5 <0.5
n-Propylbenzene <0.5 <0.5 <0.5 <0.5 <0.5
1.3.5-Trimethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5
sec-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trimethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5
tert-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5
p-Isopropyltoluene <0.5 <0.5 <0.5 <0.5 <0.5
n-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5
Oxygenated Compounds (mg/kg)
2-Butanone (MEK) <5 <5 <5 <5 <5
4-Methyl-2-pentanone (MIBK) <5 <5 <5 <5 <5
2-Hexanone (MBK) <5 <5 <5 <5 <5
Fumigants (mg/kg)
2.2-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.3-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.3-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dibromoethane (EDB) <0.5 <0.5 <0.5 <0.5 <0.5
Halogenated Aliphatics (mg/kg)
Dichlorodifluoromethane <5 <5 <5 <5 <5
Chloromethane <5 <5 <5 <5 <5
Vinyl chloride <5 <5 <5 <5 <5
Bromomethane <5 <5 <5 <5 <5
Chloroethane <5 <5 <5 <5 <5
Trichlorofluoromethane <5 <5 <5 <5 <5
1.1-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5
Iodomethane <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.2-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5
1.1-Dichloroethane <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.2-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5
1.1.1-Trichloroethane <0.5 <0.5 <0.5 <0.5 <0.5
1.1-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5
Carbon Tetrachloride <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichloroethane <0.5 <0.5 <0.5 <0.5 <0.5
Trichloroethene <0.5 <0.5 <0.5 <0.5 <0.5
Dibromomethane <0.5 <0.5 <0.5 <0.5 <0.5
1.1.2-Trichloroethane <0.5 <0.5 <0.5 <0.5 <0.5
1.3-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5
Tetrachloroethene <0.5 <0.5 <0.5 <0.5 <0.5
1.1.1.2-Tetrachloroethane <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.4-Dichloro-2-butene <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.4-Dichloro-2-butene <0.5 <0.5 <0.5 <0.5 <0.5
1.1.2.2-Tetrachloroethane <0.5 <0.5 <0.5 <0.5 <0.5
1.2.3-Trichloropropane <0.5 <0.5 <0.5 <0.5 <0.5
Pentachloroethane <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dibromo-3-chloropropane <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobutadiene <0.5 <0.5 <0.5 <0.5 <0.5
Halogenated Aromatics (mg/kg)
Chlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
Bromobenzene <0.5 <0.5 <0.5 <0.5 <0.5
2-Chlorotoluene <0.5 <0.5 <0.5 <0.5 <0.5
4-Chlorotoluene <0.5 <0.5 <0.5 <0.5 <0.5
1.3-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
1.4-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
1.2.3-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
Trihalomethanes (mg/kg)
Chloroform <2 <2 <2 <2 <2
Bromodichloromethane <0.5 <0.5 <0.5 <0.5 <0.5
Dibromochloromethane <0.5 <0.5 <0.5 <0.5 <0.5
Bromoform <0.5 <0.5 <0.5 <0.5 <0.5
Phenolic Compounds (mg/kg)
2.4.5-Trichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5
Pentachlorophenol <0.5 <1.0 <1.0 <1.0 <1.0
Test 1
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TABLE 2 -  TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
TEST 1 SAMPLES 




















Phenol <0.5 <0.5 <0.5 <0.5 <0.5
2-Chlorophenol <0.5 <0.5 <0.5 <0.5 <0.5
2-Methylphenol <0.5 <0.5 <0.5 <0.5 <0.5
3- & 4-Methylphenol <0.5 <0.5 <0.5 <0.5 <0.5
2-Nitrophenol <0.5 <0.5 <0.5 <0.5 <0.5
2.4-Dimethylphenol <0.5 <0.5 <0.5 <0.5 <0.5
2.4-Dichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5
2.6-Dichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5
4-Chloro-3-methylphenol <0.5 <0.5 <0.5 <0.5 <0.5
2.4.6-Trichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5
Phthalate Esters (mg/kg)
Dimethyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5
Diethyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5
Di-n-butyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5
Butyl benzyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5
Bis(2-ethylhexyl)phthalate <5.0 <5.0 <5.0 <5.0 <5.0
Di-n-octylphthalate <0.5 <0.5 <0.5 <0.5 <0.5
Nitrosamines (mg/kg)
N-Nitrosomethylethylamine <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosodiethylamine <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosopyrrolidine <1.0 <1.0 <1.0 <1.0 <1.0
N-Nitrosomorpholine <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosodi-n-propylamine <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosopiperidine <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosodibutylamine <0.5 <0.5 <0.5 <0.5 <0.5
Diphenylamine & N-Nitrosodiphenylamine <0.5 <0.5 <0.5 <0.5 <0.5
Diallate <0.5 <0.5 <0.5 <0.5 <0.5
Methapyrilene <0.5 <0.5 <0.5 <0.5 <0.5
Nitroaromatics and Ketones (mg/kg)
2-Picoline <0.5 <0.5 <0.5 <0.5 <0.5
Acetophenone <0.5 <0.5 <0.5 <0.5 <0.5
Nitrobenzene <0.5 <0.5 <0.5 <0.5 <0.5
Isophorone <0.5 <0.5 <0.5 <0.5 <0.5
2.6-Dinitrotoluene <1.0 <1.0 <1.0 <1.0 <1.0
2.4-Dinitrotoluene <1.0 <1.0 <1.0 <1.0 <1.0
1-Naphthylamine <0.5 <0.5 <0.5 <0.5 <0.5
4-Nitroquinoline-N-oxide <0.5 <0.5 <0.5 <0.5 <0.5
5-Nitro-o-toluidine <0.5 <0.5 <0.5 <0.5 <0.5
Azobenzene <0.5 <0.5 <0.5 <0.5 <0.5
1.3.5-Trinitrobenzene <0.5 <0.5 <0.5 <0.5 <0.5
Phenacetin <0.5 <0.5 <0.5 <0.5 <0.5
4-Aminobiphenyl <0.5 <0.5 <0.5 <0.5 <0.5
Pentachloronitrobenzene <0.5 <0.5 <0.5 <0.5 <0.5
Pronamide <0.5 <0.5 <0.5 <0.5 <0.5
Dimethylaminoazobenzene <0.5 <0.5 <0.5 <0.5 <0.5
Chlorobenzilate <0.5 <0.5 <0.5 <0.5 <0.5
Haloethers (mg/kg)
Bis(2-chloroethyl) ether <0.5 <0.5 <0.5 <0.5 <0.5
Bis(2-chloroethoxy) methane <0.5 <0.5 <0.5 <0.5 <0.5
4-Chlorophenyl phenyl ether <0.5 <0.5 <0.5 <0.5 <0.5
4-Bromophenyl phenyl ether <0.5 <0.5 <0.5 <0.5 <0.5
Chlorinated Hydrocarbons (mg/kg)
1.3-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
1.4-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
Hexachloroethane <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
Hexachloropropylene <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobutadiene <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorocyclopentadiene ---- ---- ---- ---- ----
Pentachlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobenzene (HCB) <1.0 <1.0 <1.0 <1.0 <1.0
Anilines and Benzidines (mg/kg)
Aniline <0.5 <0.5 <0.5 <0.5 <0.5
4-Chloroaniline <0.5 <0.5 <0.5 <0.5 <0.5
2-Nitroaniline <1.0 <1.0 <1.0 <1.0 <1.0
3-Nitroaniline <1.0 <1.0 <1.0 <1.0 <1.0
Dibenzofuran <0.5 <0.5 <0.5 <0.5 <0.5
4-Nitroaniline <0.5 <0.5 <0.5 <0.5 <0.5
Carbazole <0.5 <0.5 <0.5 <0.5 <0.5
3.3`-Dichlorobenzidine <0.5 <0.5 <0.5 <0.5 <0.5
Polycyclic Aromatic Hydrocarbons (mg/kg)
Naphthalene <0.5 <0.5 <0.5 <0.5 <0.5
Acenaphthylene <0.5 <0.5 <0.5 <0.5 <0.5
Acenaphthene <0.5 <0.5 <0.5 <0.5 <0.5
Fluorene <0.5 <0.5 <0.5 <0.5 <0.5
Phenanthrene <0.5 <0.5 <0.5 <0.5 <0.5
Anthracene <0.5 <0.5 <0.5 <0.5 <0.5
Fluoranthene <0.5 <0.5 <0.5 <0.5 <0.5
Pyrene 1.2 <0.5 <0.5 1.2 1.6
Benz(a)anthracene 0.8 <0.5 <0.5 <0.5 <0.5
Polycyclic Aromatic Hydrocarbons (mg/kg)
Chrysene <0.5 <0.5 <0.5 <0.5 <0.5
Benzo(b) & Benzo(k)fluoranthene <1.0 <1.0 <1.0 <1.0 <1.0
Benzo(a)pyrene <0.5 <0.5 <0.5 <0.5 <0.5
Indeno(1.2.3.cd)pyrene <0.5 <0.5 <0.5 <0.5 <0.5
Dibenz(a.h)anthracene <0.5 <0.5 <0.5 <0.5 <0.5
Benzo(g.h.i)perylene <0.5 <0.5 <0.5 <0.5 <0.5
Notes:
1    UT#- Untreated (sample number)
2   T# - Treated (sample number)
3   PT# - Partially Treated (sample number)
4   DUP# - Sample Duplicate (sample number)
N/A - analysis not applied
ND- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit 
mg/kg - milligrams per kilogram
VOC - volatile organic compound
% - percent by weight
TPH - total petroleum hydrocarbon
Avg. - average




NO2 - Ntrogen dioxide
N - Nitrogen
CaCO3 - Calcium Carbonate
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2018 Hottpad Test 1 Power Consumption
Total Generator Output Power Generator Failure; Switched Generators Accumlated Energy Since Start of Test
Heaters 3 & 4 ON Heaters 3 & 4 OFF; Heaters 1 & 6 ON Heater 6 OFF due to spark observed by crew
Heater 1 OFF & Heaters 2 & 5 ON Heaters 2 & 5 OFF
Notes:
Staggered Rollout of Two Heaters Switched On at Same Time
kW - kiloWatt
hrs - hours 
kWhr - kiloWatt hours
Heaters from Hottpad 3 and 1 where run in manual mode at 100% Power Capacity
Test 1 - Photo Summary 




Loading untreated material onto heater pads 3 & 4 on 1 Feb 2018
Placing clean cap soil layer on 1 Feb 2018
Test 1 - Photo Summary 
2018 - Full Scale TS0022A
Feb - 2018
Figure C-8
Installing thermocouple bundle ‘B’ at centre-back location of Hottpad on 2 Feb 2018
Insulating roof & front cover secured on 2 Feb 2018
Notes:
Test 1 - Photo Summary 
2018 - Full Scale TS0022A
Feb - 2018
Figure C-9
Removing thermocouple bundles on 11 Feb 2018
Removing clean cap soil layer on 11 Feb 2018
Notes:
Test 1 - Photo Summary 
2018 - Full Scale TS0022A
Feb - 2018
Figure C-10
Obtaining soil sample of treated material on 11 Feb 2018
Unloading treated material & using water as a dust suppressant on 11 Feb 2018
Notes:
Figure C-11
Test 1 - Photo Summary 
2018 - Full Scale TS0022A
Feb - 2018
Removing moist, treated material during unloading phase on 11 Feb 2018
Treated material after unloading phase nearly complete on 11 Feb 2018
Notes:
Test FS6 
Test FS6 was another 2m high test with soil sludge volume ratio of 4:1. Prior to Test FS6, 
transfer of sludge from the secondary separator to the surge pond has commenced. This resulted 
in a blend of some original surge pond sludge and secondary separator sludge being treated in 
Test FS6. Exact ratios are unknown. Process air flow rates were approximately 475m3/hr per 
pad, 2 850m3/hr, equating to a Darcy flux of approximately 1.0cm/s. No significant operational 
issues were encountered during Test FS6. 




Fuel Type Chevron Batangas Terminal sludge from surge pond 
Mixing matrix Material S1 aggregate - reused from Test 1
Clean Cap Material Clean S1 aggregate
Height of Sand and Suldge Mix 2.0 m 6.6 ft
Height of Clean Cap Layer 0.5 m 1.6 ft
Total Height of Pile 2.5 m 8.2 ft
Clean Mixing Soil Volume 160 scoops 160.0 m3
Fuel Volume 40 scoops 40.0 m3
Saturation 0.58 25 % by Vol.
Approximate Volume directly over pads1 160 scoops 173 m3
Approximate Volume of clean cap 30 scoops 45 m3
Total Volume added to the pile 190 scoops 236 m3
Target Process Air Rate per Pad 8 m3/min 286 scfm
Equivalent Darcy velocity 0.61 m/min 1.02 cm/s
Process Air Rate during cooling 0 m3/min N/A  scfm
Heaters Setpoint 450 oC
Extraction Flowrate 60 m3/min 2143 scfm
Extraction Vacuum -24 in.H20 -5.8 kPa
Times:
Approximate Mixing Time 16 hr 
Loading Time 8 hr
Extraction Air ON -85 min -1.42 hr
Injection Air ON -80 min -1.33 hr
Heaters 3 & 4 ON 0 min 0.00 hr
Combustion Started (CO >50 ppm) 170 min 2.83 hr
Accidental Shutdown due to CJI worker tripping PLC breaker 913 min 15.22 hr
Heaters 3 & 4 ON - restart 980 min 16.33 hr
Heaters 3 & 4 OFF 1700 min 28.33 hr
Heaters 1 & 6 ON 1770 min 29.50 hr
Heaters 1 & 6 OFF 2510 min 41.83 hr
Heaters 2 & 5 ON 2570 min 42.83 hr
Heaters 2 & 5 OFF 3440 min 57.33 hr
GAC connected to vapour treatment train 3020 min 50.33 hr
Max CO concentration (ppm) and time 8322 ppm 55.07 hr
Generator failure - process shutdown (CO = 185 ppm) 9020 min 150.33 hr
Unloading Time 12 hr
TOTAL Test Time 186 hr
Max temperature reached in pile and location 600 oC
Maximum temperature recorded on exterior of walls 152 ºC
Maximum pile & location Temperature reached at Pad 1 552
oC
Maximum pile & location Temperature reached at Pad 2 548
oC
Maximum pile & location Temperature reached at Pad 3 436
oC
Maximum pile & location Temperature reached at Pad 4 518
oC
Maximum pile & location Temperature reached at Pad 5 600
oC
Maximum pile & location Temperature reached at Pad 6 570
oC
Condensate Noticable in Extraction System (Y/N)
Approximate Volume of Condensate throughout entire test2 2000 L
Approximate volume of untreated soil remaining3 0 m
3
Approximate location(s) of primarly untreated pockets 
Sunday, February 25, 2018
Wednesday, February 21, 2018





























Full Scale Hottpad, Chevron  2018 Test No. 2
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Comments:
m = meter; m3 = cubic meter; ft = feet; scoops = excavator scoop; min = minute; hr = hour; ppm = part per million; s = seconds 
L = Litre; scfm = standard cubic feet per minute; mmH2O = millimeters of water;  
oC = Degrees Celcius; % = percentage ; Vol. = Volume
1 Based on CEMs calculation of percentage of target mass of fuel over pads, and using estimated densities from 2016 bucket test ;
Density of mixed material from test 3= 1566.33 Kg/m3; density of sludge = 1230 Kg/m3; density of clean material = 1565 Kg/m3 
2 Estimate done by the estimated volume drained from the wet scrubber, stack and the condensates observed coming 
out of the stack, and frequency of drainage.  
3 Volume calculated using the percentage of untreaded fuel estimated by the CEMs data;
 Volume of untreated material= Target volume over pads*  Percentage of untreated material
2/19/2018; 1640H-2240H Run 2-Sample 3 DIOXIN/FURANS
2/20/2018; 1140H-1340H Run 4-Sample 2 PM/METALS
2/20/2018; 1520H-2120H Run 4-Sample 3 DIOXIN/FURANS
2/20/2018; 0025H-0645H Run 3-Sample 2 DIOXIN/FURANS
2/20/2018; 0805H-0905H Run 3-Sample 3 HCl/HF
2/20/2018; 0955H-1055H Run 4-Sample 1 HCl/HF
Run 1-Sample 3 DIOXIN/FURANS
2/18/2018; 1030H-1130H Run 2-Sample 1 HCl/HF
2/18/2018; 1315H-1515H Run 2-Sample 2 PM/METALS
2/19/2018; 1245H-1445H Run 3-Sample 1 PM/METALS
4 TPH = Total Petrolium Hydrocarbons; GSD = Grain Size Distribution;  M = Metal and General Chemistry;
TCLP = Toxicity Characteristic Leaching Procedure; TM = Total Metals; N = Nutrients; O = Organics; I = Inorganics; C = Combustion
HCl = Hydrogen Chloride; HF = Hydrogen Fluoride; PM = Particulate Matter
2/17/2018 16:40 HP‐TEST2‐US‐1 TO-15
2/17/2018 16:40 HP‐TEST2‐DS‐1 TO-15
2/17/2018 21:25 HP‐TEST2‐US‐2 TO-15
2/17/2018 21:25
HCl/HF
2/17/2018; 1955H-2155H Run 1-Sample 2 PM/METALS
2/18/2018; 0315H-0915H
HP‐TEST2‐DS‐2
2/17/2018; 1650H-1750H Run 1-Sample 1
Analysis4LabelDate & Time
TO-15
2/19/2018 14:04 HP‐TEST2‐US‐3 TO-15
2/25/2018 Test 2-T2 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U4 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U5 TPH,TCLP,TM,N,O,I,C
2/25/2018 Test 2-T1 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U1 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U2 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U3 TPH,TCLP,TM,N,O,I,C
2/25/2018 Test 2-T3 TPH,TCLP,TM,N,O,I,C
2/25/2018 Test 2-T4 TPH,TCLP,TM,N,O,I,C
2/25/2018 Test 2-T5 TPH,TCLP,TM,N,O,I,C
2 of 3




Fuel Type Chevron Batangas Terminal sludge from surge pond 
Mixing matrix Material S1 aggregate - reused from Test 1
Clean Cap Material Clean S1 aggregate
Height of Sand and Suldge Mix 2.0 m 6.6 ft
Height of Clean Cap Layer 0.5 m 1.6 ft
Total Height of Pile 2.5 m 8.2 ft
Clean Mixing Soil Volume 160 scoops 160.0 m3
Fuel Volume 40 scoops 40.0 m3
Saturation 0.58 25 % by Vol.
Approximate Volume directly over pads1 160 scoops 173 m3
Approximate Volume of clean cap 30 scoops 45 m3
Total Volume added to the pile 190 scoops 236 m3
Target Process Air Rate per Pad 8 m3/min 286 scfm
Equivalent Darcy velocity 0.61 m/min 1.02 cm/s
Process Air Rate during cooling 0 m3/min N/A  scfm
Heaters Setpoint 450 oC
Extraction Flowrate 60 m3/min 2143 scfm
Extraction Vacuum -24 in.H20 -5.8 kPa
Times:
Approximate Mixing Time 16 hr 
Loading Time 8 hr
Extraction Air ON -85 min -1.42 hr
Injection Air ON -80 min -1.33 hr
Heaters 3 & 4 ON 0 min 0.00 hr
Combustion Started (CO >50 ppm) 170 min 2.83 hr
Accidental Shutdown due to CJI worker tripping PLC breaker 913 min 15.22 hr
Heaters 3 & 4 ON - restart 980 min 16.33 hr
Heaters 3 & 4 OFF 1700 min 28.33 hr
Heaters 1 & 6 ON 1770 min 29.50 hr
Heaters 1 & 6 OFF 2510 min 41.83 hr
Heaters 2 & 5 ON 2570 min 42.83 hr
Heaters 2 & 5 OFF 3440 min 57.33 hr
GAC connected to vapour treatment train 3020 min 50.33 hr
Max CO concentration (ppm) and time 8322 ppm 55.07 hr
Generator failure - process shutdown (CO = 185 ppm) 9020 min 150.33 hr
Unloading Time 12 hr
TOTAL Test Time 186 hr
Max temperature reached in pile and location 600 oC
Maximum temperature recorded on exterior of walls 152 ºC
Maximum pile & location Temperature reached at Pad 1 552
oC
Maximum pile & location Temperature reached at Pad 2 548
oC
Maximum pile & location Temperature reached at Pad 3 436
oC
Maximum pile & location Temperature reached at Pad 4 518
oC
Maximum pile & location Temperature reached at Pad 5 600
oC
Maximum pile & location Temperature reached at Pad 6 570
oC
Condensate Noticable in Extraction System (Y/N)
Approximate Volume of Condensate throughout entire test2 2000 L
Approximate volume of untreated soil remaining3 0 m
3
Approximate location(s) of primarly untreated pockets 
Sunday, February 25, 2018
Wednesday, February 21, 2018





























Full Scale Hottpad, Chevron.  2018 Test No. 2
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
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Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Comments:
m = meter; m3 = cubic meter; ft = feet; scoops = excavator scoop; min = minute; hr = hour; ppm = part per million; s = seconds 
L = Litre; scfm = standard cubic feet per minute; mmH2O = millimeters of water;  
oC = Degrees Celcius; % = percentage ; Vol. = Volume
1 Based on CEMs calculation of percentage of target mass of fuel over pads, and using estimated densities from 2016 bucket test ;
Density of mixed material from test 3= 1566.33 Kg/m3; density of sludge = 1230 Kg/m3; density of clean material = 1565 Kg/m3 
2 Estimate done by the estimated volume drained from the wet scrubber, stack and the condensates observed coming 
out of the stack, and frequency of drainage.  
3 Volume calculated using the percentage of untreaded fuel estimated by the CEMs data;
 Volume of untreated material= Target volume over pads*  Percentage of untreated material
2/19/2018; 1640H-2240H Run 2-Sample 3 DIOXIN/FURANS
2/20/2018; 1140H-1340H Run 4-Sample 2 PM/METALS
2/20/2018; 1520H-2120H Run 4-Sample 3 DIOXIN/FURANS
2/20/2018; 0025H-0645H Run 3-Sample 2 DIOXIN/FURANS
2/20/2018; 0805H-0905H Run 3-Sample 3 HCl/HF
2/20/2018; 0955H-1055H Run 4-Sample 1 HCl/HF
Run 1-Sample 3 DIOXIN/FURANS
2/18/2018; 1030H-1130H Run 2-Sample 1 HCl/HF
2/18/2018; 1315H-1515H Run 2-Sample 2 PM/METALS
2/19/2018; 1245H-1445H Run 3-Sample 1 PM/METALS
4 TPH = Total Petrolium Hydrocarbons; GSD = Grain Size Distribution;  M = Metal and General Chemistry;
TCLP = Toxicity Characteristic Leaching Procedure; TM = Total Metals; N = Nutrients; O = Organics; I = Inorganics; C = Combustion
HCl = Hydrogen Chloride; HF = Hydrogen Fluoride; PM = Particulate Matter
2/17/2018 16:40 HP‐TEST2‐US‐1 TO-15
2/17/2018 16:40 HP‐TEST2‐DS‐1 TO-15
2/17/2018 21:25 HP‐TEST2‐US‐2 TO-15
2/17/2018 21:25
HCl/HF
2/17/2018; 1955H-2155H Run 1-Sample 2 PM/METALS
2/18/2018; 0315H-0915H
HP‐TEST2‐DS‐2
2/17/2018; 1650H-1750H Run 1-Sample 1
Analysis4LabelDate & Time
TO-15
2/19/2018 14:04 HP‐TEST2‐US‐3 TO-15
2/25/2018 Test 2-T2 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U4 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U5 TPH,TCLP,TM,N,O,I,C
2/25/2018 Test 2-T1 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U1 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U2 TPH,TCLP,TM,N,O,I,C
2/13/2018 Test 2 U3 TPH,TCLP,TM,N,O,I,C
2/25/2018 Test 2-T3 TPH,TCLP,TM,N,O,I,C
2/25/2018 Test 2-T4 TPH,TCLP,TM,N,O,I,C
2/25/2018 Test 2-T5 TPH,TCLP,TM,N,O,I,C
2 of 3
3 of 3 
Test 2 - Emissions Sampling Events




CEMS  = Continuous Emission Monitoring
ppm      = Part per million 
%Vol    = Percentage Volume
Hrs       = Hours
CO        = Carbon Monoxide
CO2 = Carbon Dioxide
VOCs    = Volatile Organic Compounds
East
ID X (m) Y (m) 2.5m
(0,0) 4.65m A 2.325 1.4
B 6.7 0.3 2.0m
2.8m C 6.975 1.4
D 0.3 2.8 1.5m
E 3.07 4.2
F 9.0 4.2
North South G 2.325 7.0
H 4.65 9.7 0.5m
I 6.975 7.0 0.25m
0m
We have 7 heights in each TC bundle but only 6 wires to connect. 
We will not use the 1.0m height.
Bundle H will be used as a sentry TC over the concrete ramp to 










2018 - Thermocouple Layout for Test 2
Test 2 - Temperature Profiles - Bundle A




     oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple
Bundle H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 2 - Temperature Profiles - Bundle B




        oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple
Bundle H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 2 - Temperature Profiles - Bundle C 




       oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 2 - Temperature Profiles - Bundle D




       oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple
Bundle H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 2 - Temperature Profiles - Bundle E




    oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple
Bundle H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 2 - Temperature Profiles - Bundle F 




     oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 2 - Temperature Profiles - Bundle G




   oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 2 - Temperature Profiles - Bundle I 




oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 2 - Temperature Profiles - Bundle H 




    oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple
Bundle H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 2 Maximum Observed Temperatures 






°C - degrees Celsius
Height represents meters above top of Hottpad screen.
Temperatures presented represent maximum temperature





























































































































Test 2 - CEMS, FID Emissions Profiles 




CEMS  = Continuous Emission Monitoring
ppm      = Part per million 
%Vol    = Percentage Volume
Hrs       = Hours
CO        = Carbon Monoxide
CO2 = Carbon Dioxide
VOCs    = Volatile Organic Compounds
 
Test 2 - CEMS, FID Emissions Profiles 




CEMS  = Continuous Emission Monitoring
ppm      = Part per million 
%Vol  = Percentage Volume
Hrs       = Hours
SO2 = Sulfur Dioxide
NO2 = Nitrogen Dioxide
Test 2 - CEMS, FID Emissions Profiles 




CEMS = Continuous Emission Monitoring
ppm      = Part per million 
% Vol   = Percentage Volume
Hrs        = Hours





















Test FS6 CO/CO2 Trends
CO/CO2 Ratio Heaters 3 & 4 ON Heaters ON Pad 3 & 4 restart
Heaters 3 & 4 OFF / Heaters 1 & 6 ON Heaters 1 & 6 OFF / Heaters 2 & 5 ON Injection & Extraction Air OFF
Heaters 2 & 5 OFF































































Test FS6 Mass Loss
Mass Removal Rate (kg/min) CUMM Mass Removed (kg)
TABLE 3 - TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
TEST 2 SAMPLES 


































Description / Location Untreated Mix for Test 2 - Sample No. 1
Untreated Mix for Test 2 - 
Sample No. 2
Untreated Mix for Test 2 - 
Sample No. 3
Untreated Mix for Test 2 - 
Sample No. 4
Untreated Mix for Test 2 - 
Sample No. 5
Treated Mix for Test 2  -
Pads 1 & 6 from 1. to 1.5 m 
height 
Treated Mix for Test 2 - 
Pads 2 & 5 from 1 to 1.5 m 
height 
Treated Mix for Test 2 - 2 
& 5 at 1.5 - 1.75 m height 
Treated Mix for Test 2 - 
Pads 1, 5 & 6 at 0.25 to 
0.5 m height 
Treated Mix for Test 2 - 
Composite Sample
Physical & Aggregate Properties (%)
Ash Content 95.9 95.7 95.6 95.7 95.4 98.2 98.8 98.7 98.5 97.2
Moisture Content 12.0 6.6 13.0 8.5 8.5 5.9 8.4 7.9 8.1 9.9
Aggregate Properties (mg/kg)
Total Alkalinity as CaCO3 79 70 84 77 77 81 110 106 103 110
TPH Fractions (mg/kg)
TPH C6-C9 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
TPH C10-C14 287 149 336 222 263 <50 <50 <50 <50 <50
TPH C15-C28 5,840 4,300 6,140 5,130 5,670 <100 <100 <100 <100 281
TPH C29-C36 1,490 1,170 1,520 1,330 1,490 <100 <100 <100 <100 127
TPH (mg/kg) 7,617 5,619 7,996 6,682 7,423 ND ND ND ND 408
Aggregate Organics (mg/kg) 5
Oil & Grease 9,430 67,500 30,000 8,710 9,440 <100 <100 <100 <100 1,440
Inorganic and Nonmetallic (mg/kg)
Hexavalent Chromium <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.4 0.9 <0.5 <0.5
Sulphate as SO4 13,400 8,720 9,940 9,550 9,110 17,400 21,400 23,000 18,400 20,800
Total Nitrogen as N 447 544 514 492 475 163 166 158 160 502
Ammonia as NH3 0.9 0.9 1.1 0.9 1.2 0.4 <0.1 <0.1 0.2 9
Nitrate (Sol.) <0.1 <0.1 <0.1 <0.1 <0.1 1.7 4.9 <0.1 <0.1 <0.1
Total Cyanide <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Nitrite as NO2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Monocylic Aromatics (mg/kg)
Benzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Toluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Ethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
meta- & para-Xylene <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Styrene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
ortho-Xylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Isopropylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
n-Propylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3.5-Trimethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
sec-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trimethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
tert-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
p-Isopropyltoluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
n-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Oxygenated Compounds (mg/kg)
2-Butanone (MEK) <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
4-Methyl-2-pentanone (MIBK) <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
2-Hexanone (MBK) <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Fumigants (mg/kg)
2.2-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.3-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.3-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dibromoethane (EDB) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Test 2
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Dichlorodifluoromethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Chloromethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Vinyl chloride <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Bromomethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Chloroethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Trichlorofluoromethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
1.1-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Iodomethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.2-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1-Dichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.2-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.1-Trichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Carbon Tetrachloride <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Trichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dibromomethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.2-Trichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Tetrachloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.1.2-Tetrachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.4-Dichloro-2-butene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.4-Dichloro-2-butene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.2.2-Tetrachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.3-Trichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pentachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dibromo-3-chloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobutadiene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Halogenated Aromatics (mg/kg)
Chlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bromobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Chlorotoluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Chlorotoluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.4-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.3-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Trihalomethanes (mg/kg)
Chloroform <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Bromodichloromethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dibromochloromethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bromoform <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Phenolic Compounds (mg/kg)
Phenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Chlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Methylphenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
3- & 4-Methylphenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Nitrophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.4-Dimethylphenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.4-Dichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.6-Dichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Chloro-3-methylphenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.4.6-Trichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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2.4.5-Trichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pentachlorophenol <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Phthalate Esters (mg/kg)
Dimethyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Diethyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Di-n-butyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Butyl benzyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bis(2-ethylhexyl)phthalate <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0
Di-n-octylphthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Nitrosamines (mg/kg)
N-Nitrosomethylethylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosodiethylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosopyrrolidine <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
N-Nitrosomorpholine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosodi-n-propylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosopiperidine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosodibutylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Diphenylamine & N-Nitrosodiphenylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Diallate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Methapyrilene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Nitroaromatics and Ketones (mg/kg)
2-Picoline <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Acetophenone <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Nitrobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Isophorone <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.6-Dinitrotoluene <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
2.4-Dinitrotoluene <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
1-Naphthylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Nitroquinoline-N-oxide <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
5-Nitro-o-toluidine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Azobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3.5-Trinitrobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Phenacetin <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Aminobiphenyl <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pentachloronitrobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pronamide <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dimethylaminoazobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Chlorobenzilate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Haloethers (mg/kg)
Bis(2-chloroethyl) ether <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bis(2-chloroethoxy) methane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Chlorophenyl phenyl ether <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Bromophenyl phenyl ether <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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TABLE 3 - TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
TEST 2 SAMPLES 



































1.3-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.4-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobutadiene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorocyclopentadiene ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
Pentachlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobenzene (HCB) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Anilines and Benzidines (mg/kg)
Aniline <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Chloroaniline <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Nitroaniline <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
3-Nitroaniline <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Dibenzofuran <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Nitroaniline <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Carbazole <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
3.3`-Dichlorobenzidine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Polycyclic Aromatic Hydrocarbons (mg/kg)
Naphthalene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Acenaphthylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Acenaphthene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Fluorene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Phenanthrene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Anthracene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Fluoranthene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pyrene 3 2 2.3 2.8 2.9 <0.5 <0.5 <0.5 <0.5 <0.5
Benz(a)anthracene 1.8 1 1.3 1.2 1.5 <0.5 <0.5 <0.5 <0.5 <0.5
Polycyclic Aromatic Hydrocarbons (mg/kg)
Chrysene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Benzo(b) & Benzo(k)fluoranthene <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Benzo(a)pyrene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Indeno(1.2.3.cd)pyrene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dibenz(a.h)anthracene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Benzo(g.h.i)perylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Notes:
1    UT#- Untreated (sample number)
2   T# - Treated (sample number)
3   PT# - Partially Treated (sample number)
4   DUP# - Sample Duplicate (sample number)
N/A - analysis not applied
ND- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit 
mg/kg - milligrams per kilogram
VOC - volatile organic compound
% - percent by weight
TPH - total petroleum hydrocarbon
Avg. - average




NO2 - Ntrogen dioxide
N - Nitrogen
CaCO3 - Calcium Carbonate
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TABLE 6 - TEST 2 - EMISSIONS SUMMARY 
Chevron Hottpad Full Scale - 2018 
Run Number Run 1 Run 2 Run3 Run 4 CAA
Sampling Date 18-Feb-18 19-Feb-18 19-Feb-18 20-Feb-18 Limit 
Sampling Time 0315H -  0915H 1640H -  2240H 1245H -1445H 0025H -  0625H mg/Ncm
Moisture Content (%) 11.2 10.4 7.9 8.1
Stack Gas Temperature (oC) 56 92 90 41
Carbon Dioxide Concentration (%) 1 1 1 1
Oxygen Concentration (%) 20 20 20 20
Dioxins/Furans Emissions
Mass Collected (mg) 6.66E-07 6.43E-07 7.12E-07 6.38E-07
Concentration (mg/Ncm) 1.15E-07 1.09E-07 1.19 E-0 7 1.08E-07 NS
Run Number Run 1 Run 2 Run 3 Run 4 CAA
Sampling Date 17-Feb-18 18-Feb-18 20-Feb-18 20-Feb-18 Limit 
Sampling Time 1650H -1750H 1030H -1130H 0805H -  0905H 0955H -  1055H mg/Ncm
Moisture Content (%) 24.6 14.2 7.3 7.1
Stack Gas Temperature (oC) 55 51 88 46
Carbon Dioxide Concentration (%) 1 1 1 1
Oxygen Concentration (%) 20 20 20 20
Hydrogen Fluoride (HF) Emissions
Mass Collected (mg) 0.960 <0.4 <0.4 <0.4
Concentration (mg/Ncm) 0.967 BDL BDL BDL 50
Hydrogen Chloride (HCI) Emissions
Mass Collected (mg) <0.6 <0.6 1.250 <0.6
Concentration (mg/Ncm) BDL BDL 1.245 BDL NS
Run Number Run 1 Run 2 Run 3 Run 4 CAA
Sampling Date 17-Feb-18 19-Feb-18 19-Feb-18 20-Feb-18 Limit 
Sampling Time 1955H -  2155H 1315H -1515H 1245H -1445H 1140H -1340H mg/Ncm
Moisture Content (%) 25.2 19.7 17.1 5.1
Stack Gas Temperature (oC) 51 40 56 46
Carbon Dioxide Concentration (%) 1 1 1 1
Oxygen Concentration (%) 20 20 20 20
Arsenic (As) Emissions
Mass Collected (mg) <0.1 <0.1 <0.1 <0.1
Concentration (mg/Ncm) BDL BDL BDL BDL 10
Cadmium (Cd) Emissions
Mass Collected (mg) <0.2 <0.2 <0.2 <0.2
Concentration (mg/Ncm) BDL BDL BDL BDL 10
Chromium (Cr) Emissions
Mass Collected (mg) <3.0 <3.0 <3.0 <3.0
Concentration (mg/Ncm) BDL BDL BDL BDL NS
Run Number Run 1 Run 2 Run 3 Run 4 CAA
Sampling Date 17-Feb-18 19-Feb-18 19-Feb-18 20-Feb-18 Limit 
Sampling Time 1955H -  2155H 1315H -1515H 1245H -1445H 1140H -1340H mg/Ncm
Moisture Content (%) 25.2 19.7 17.1 5.1
Stack Gas Temperature (oC) 51 40 56 46
Carbon Dioxide Concentration (%) 1 1 1 1
Oxygen Concentration (%) 20 20 20 20
Mercury (Hg) Emissions
Mass Collected (mg) 0.32 1.91 0.49 <0.01
Concentration (mg/Ncm) 0.170 0.964 0.252 BDL 10
Lead (Pb) Emissions
Mass Collected (mg) <0.6 <0.6 <0.6 <0.6
Concentration (mg/Ncm) BDL BDL BDL BDL 5
Thallium (Tl) Emissions
Mass Collected (mg) <4.0 <4.0 <4.0 <4.0
Concentration (mg/Ncm) BDL BDL BDL BDL NS
Dioxins and Furans - Pre Emissions Treatment 
HCl and HF - Pre Emissions Treatment 
Heavy Metals in Air  - Pre Emissions Treatment 
Heavy Metals in Air - Pre Emissions Treatment 
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TABLE 9 - TEST 2 - EMISSIONS SUMMARY 
Chevron Hottpad Full Scale - 2018 
Run  Number  Run  1 Run  2 Run  3 Run  4 CAA
Sampling Date 18-Feb-18 19-Feb-18 20-Feb-18 20-Feb-18 Limit 
Sampling Time 0315H-0915H 1620H-2220H 2340H-0820H 1520H-2120H mg/Ncm
Exhaust Gas Flow Rate - drv, (Ncmm) 85.5 101.3 100.5 104.0
Exhaust Gas Flow Rate - actual (acmm) 92.4 130.6 130.9 131.1
Moisture Content (%) 18.6 16 .4 17.4 16.4
Stack Gas Temperature (oC) 60 47 46 41
Carbon Dioxide Concentration (%) 1 1 1 1
Oxygen Concentration (%) 20 20 20 20
Dioxins/Furans Emissions
Mass Collected (mg) 1.00E-07 6.16E-07 4.40E-07 3.82 E-0 7
Concentration (mg/Ncm) 1.39E-08 7.42E-08 5.25E-08 4.SlE-08 NS
Run Number  Run 1 Run 2 Run 3 Run 4 CAA
Sampling Date 17-Feb-18 18-Feb-18 20-Feb-18 20-Feb-18 Limit 
Sampling Time 0457H-0557H 0940H-1040H 0720H-0820H 0930H-1030H mg / Ncm
Exhaust Gas Flow Rate - drv, (Ncmm) 84.8 87.5 118.1 110.0
Exhaust Gas Flow Rate - actual (acmm) 133.1 134.0 124.9 127.6
Moisture Content (%) 29.5 27.4 7.2 7.1
Stack Gas Temperature (oC) 55 56 42 48
Carbon Dioxide Concentration (%) 1 1 1 1
Oxygen Concentration (%) 20 20 20 20
Hydrogen Fluoride (HF) Emissions
Mass Collected (mg) <0.4 <0.4 <0 .4 <0.4
Concentration (mg/Ncm) BDL BDL BDL BDL 50
Hydrogen Chloride (HCI) Emissions
Mass Collected (mg) <0.6 1.539 2.850 <0 .6
Concentration (mg/Ncm) BDL 1.576 2.807 BDL NS
Run Number Run 1 Run 2 Run 3 Run4 CAA
 Sampling Date 17-Feb-18 19-Feb-18 19-Feb-18 20-Feb-18 Limit 
Sampling Time 1955H-2155H 1315H-1515H 1245H-1445H 1140H-1340H mg / Ncm
Exhaust Gas Flow Rate - drv, (Ncmm) 43.7 45.0 57.7 61.3
Exhaust Gas Flow Rate - actual (acmm) 63.9 63.5 71.5 70.5
Moisture Content (%) 23.3 20.2 12.3 9.1
Stack Gas Temperature (oC) 60 61 51 58
Carbon Dioxide Concentration (%) 1 1 1 1
Oxygen Concentration (%) 20 20 20 20
Arsenic (As) Emissions
Mass Collected (mg) <0.1 <0.1 <0.1 <0.1
Concentration (mg/Ncm) BDL BDL BDL BDL 10
Cadmium  (Cd) Emissions
Mass Collected (mg) <0.2 <0.2 <0.2 <0.2
Concentration (mg/Ncm) BDL BDL BDL BDL 10
Chromium (Cr) Emissions
Mass Collected (mg) <3 .0 <3.0 <3 .0 <3.0
Concentration (mg/Ncm) BDL BDL BDL BDL NS
Dioxins and Furans - Post Emissions Treatment 
HCl and HF  - Post Emissions Treatment 
Heavy Metals in Air - Post Emissions Treatment 
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TABLE 9 - TEST 2 - EMISSIONS SUMMARY 
Chevron Hottpad Full Scale - 2018 
Run Number Run 1 Run 2 Run 3 Run 4 CAA
Sampling Date 17-Feb-18 19-Feb-18 19-Feb-18 20-Feb-18 Limit 
Sampling Time 0755H -  0955H 1100H -1300H 1257H -10257H 1150H -1350H mg / Ncm
Exhaust Gas Flow Rate - drv, (Ncmm) 43 .7 45.0 57.7 61.3
Exhaust Gas Flow Rate - actual (acmm) 63 .9 63.5 71.5 70.5
Moisture Content (%) 23.3 20.2 11.8 3.4
Stack Gas Temperature (oC) 60 61 51 58
Carbon Dioxide Concentration (%) 1 1 1 1
Oxygen Concentration (%) 20 20 20 20
Mercury (Hg) Emissions
Mass Collected (mg) <0.01 <0.01 <0.01 <0.01
Concentration (mg/Ncm) BDL BDL BDL BDL 10
Lead (Pb) Emissions
Mass Collected (mg) <0 .6 <0.6 <0.6 <0.6
Concentration (mg/Ncm) BDL BDL BDL BDL 5
Thallium (Tl) Emissions
Mass Collected (mg) <4.0 <4.0 <4 .0 <4.0
Concentration (mg/Ncm) BDL BDL BDL BDL NS
Notes
NA - Not Applicable 
ND - Non Detect 
BDL - Below Detection Limit
acmm - actual cubic meter per minute
ncmm - normal cubic meter per minute
NS - No Standard
% - Percentage 
oC - Degrees Celsius 
mg - milligrams 
mg/Ncm - milligram/ normal cubic meter
MT/Yr - Metric Tonne per year 
CAA - Clean Air Act
Dioxins and Furans Emissions have no applicable standards set as per DENR limits
Mercury (Hg) Emissions are within the standard of 10 mg/Ncm
Lead (Pb) Emissions are within the standard of 5 mg/Ncm
Thalium (Tl) Emissions have no standard set for DENR limits
Arsenic (As)Emissions are within the standard of 10 mg/Ncm
Cadmium (Cd) Emissions are within the standard of 10 mg/Ncm
Chromium (Cr) Emissions have no standards set for DENR limits
Hydrogen Fluoride (HF) Emissions are within the standard of 50 mg/Ncm
Hydrogen Chloride (HCI) Emissions have no applicable standards set as per DENR  limits
Heavy Metals in Air - Post Emissions Treatment 
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TABLE 7 - VOCs IN EMISSIONS - TEST 2 
Chevron Hottpad Full Scale - 2018 
Sample ID 1HP-TEST2-US-1 2HP-TEST2-DS-1 HP-TEST2-US-2 HP-TEST2-DS-2 HP-TEST2-US-3
Sample Date 17-Feb-18 17-Feb-18 17-Feb-18 17-Feb-18 19-Feb-18
Laboratory ID KL1801802001 KL1801802002 KL1801802003 KL1801802004 KL1801802005
Description / Location
Run 1 - Upstream Sample - 
Before Wet Scrubber - 
Raw Emissions
Run 1 - Downstream 
Sample - after UV system - 
Scrubber and UV Online, 
GAC Offline 
Run 2 - Upstream Sample -
Before Wet Scrubber - 
Raw Emissions
Run 2 - Downstream 
Sample -after UV system - 
Scrubber and UV Online, 
GAC Offline 
Run 3 - Upstream Sample 
Before Wet Scrubber - 
Raw Emissions
Sample time (and duration) 4:40:00 PM (30-45 min) 4:40:00 PM (30-45 min) 9:21:25 PM (30-45 min) 9:21:25 PM (30-45 min) 2:04:00 PM (30-45 min)
Test Etime (hrs) 49.50 49.50 54.25 54.25 95.00
TO-15 VOC's (ppmv)
Methane 140 130 180 150 36
C2 as Ethane 67 63 91 80 18
C3 as Propane 60 57 82 72 17
C4 as n-Butane 57 57 69 74 24
C5 as n-Pentane 47 49 53 63 21
C6 as n-Hexane 42 40 49 53 16
C6+ as n-Hexane 140 120 140 160 47
Total Gaseous Nonmethane Organics (TGNMO) as Methane 1,800 1,700 2,100 2,300 670
TO-15 VOC's (µg/m³)
Hydrogen Sulfide <7 <7 <7 <7 <7
Propene 35,000 37,000 44,000 46,000 7,900
Carbonyl Sulfide 51,000 50,000 61,000 60,000 11,000
Dichlorodifluoromethane <1.3 <1.3 <1.3 <1.3 <1.3
Chloromethane 500 550 530 610 110
Methyl Mercaptan <9.8 <9.8 <9.8 <9.8 <9.8
1,2-Dichloro-1,1,2,2-tetrafluoroethane (CFC 114) <1.3 <1.3 <1.3 <1.3 <1.3
Ethyl Mercaptan <13 <13 <13 <13 <13
Dimethyl Sulfide 490 450 570 560 85
Vinyl Chloride <1.3 <1.3 <1.3 <1.3 <1.3
1,3-Butadiene 3,000 3,100 3,700 4,000 550
Carbon disulfide 4,200 3,700 4,500 4,600 720
Bromomethane <1.3 <1.3 <1.3 <1.3 <1.3
Isopropyl Mercaptan <16 <16 <16 <16 <16
Chloroethane <1.3 <1.3 <1.3 <1.3 <1.3
tert-Butyl Mercaptan <18 <18 <18 <18 <18
Ethanol <13 4,800 <13 5,000 2,700
n-Propyl Mercaptan 210 190 220 240 <16
Acetonitrile 20,000 28,000 21,000 35,000 5,200
Ethyl Methyl Sulfide <16 <16 <16 <16 <16
Acrolein <5.0 <5.0 <5.0 <5.0 970
Thiophene 3,300 2,800 3,000 3,500 620
Acetone 19,000 25,000 14,000 29,000 14,000
Isobutyl Mercaptan <18 <18 <18 <18 <18
Diethyl Sulfide <18 <18 <18 <18 <18
Trichlorofluoromethane <1.3 <1.3 <1.3 <1.3 <1.3
2-Propanol <2.5 <2.5 <2.5 <2.5 1100
n-Butyl Mercaptan 170 190 160 250 36
Acrylonitrile 1,600 1,900 1,400 2,100 230
Dimethyl disulfide 6,300 5,300 5,800 6,800 940
1,1-Dichloroethene <1.3 <1.3 <1.3 <1.3 <1.3
3-Methylthiophene 800 650 530 800 130
Methylene chloride <1.3 <1.3 <1.3 <1.3 <1.3
Tetrahydrothiophene <18 <18 <18 <18 <18
2,5-Dimethylthiophene 130 110 <23 140 <23
3-Chloro-1-propene (Allyl Chloride) <1.3 <1.3 <1.3 <1.3 <1.3
2-Ethylthiophene <23 <23 <23 <23 <23
Trichlorotrifluoroethane (CFC 113) <1.3 <1.3 <1.3 <1.3 <1.3
Carbon disulfide <13 <13 <13 <13 <13
Diethyl Disulfide <12 <12 <12 <12 <12
trans-1.2-Dichloroethene <1.3 <1.3 <1.3 <1.3 <1.3
1.1-Dichloroethane <1.3 <1.3 <1.3 <1.3 <1.3
Methyl tert-Butyl Ether (MTBE) <1.3 <1.3 <1.3 <1.3 <1.3
Vinyl Acetate 2,400 3,500 <13 4,500 1,500
2-Butanone (MEK) 6,700 8,400 4,300 9,100 4,300
cis-1.2-Dichloroethene <1.3 <1.3 <1.3 <1.3 <1.3
Ethyl Acetate <2.5 <2.5 <2.5 <2.5 <2.5
Test 2
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TABLE 7 - VOCs IN EMISSIONS - TEST 2 
Chevron Hottpad Full Scale - 2018 
Sample ID 1HP-TEST2-US-1 2HP-TEST2-DS-1 HP-TEST2-US-2 HP-TEST2-DS-2 HP-TEST2-US-3
Sample Date 17-Feb-18 17-Feb-18 17-Feb-18 17-Feb-18 19-Feb-18
Laboratory ID KL1801802001 KL1801802002 KL1801802003 KL1801802004 KL1801802005
N - Hexane 5,300 5,600 6,400 6,900 1,300
Chloroform <1.3 <1.3 <1.3 <1.3 <1.3
Tetrahydrofuran <1.3 <1.3 <1.3 <1.3 100
1,2-Dichloroethane <1.3 <1.3 <1.3 <1.3 <1.3
1,1,1-Trichloroethane <1.3 <1.3 <1.3 <1.3 <1.3
Benzene 16,000 17,000 17,000 20,000 3,200
Carbon Tetrachloride <1.3 <1.3 <1.3 <1.3 <1.3
Cyclohexane <2.5 <2.5 <2.5 <2.5 <2.5
1,2-Dichloropropane <1.3 <1.3 <1.3 <1.3 <1.3
Bromodichloromethane <1.3 <1.3 <1.3 <1.3 <1.3
Trichloroethene <1.3 <1.3 <1.3 <1.3 <1.3
1,4-Dioxane <1.3 <1.3 <1.3 <1.3 <1.3
Methyl Methacrylate <2.5 <2.5 <2.5 <2.5 <2.5
n-Heptane 5,000 5,300 5,600 6,200 1,200
cis-1.3-Dichloropropene <1.3 <1.3 <1.3 <1.3 <1.3
4-Methyl-2-pentanone (MIBK) 370 430 250 430 250
trans-1.3-Dichloropropene <1.3 <1.3 <1.3 <1.3 <1.3
1,1,2-Trichloroethane <1.3 <1.3 <1.3 <1.3 <1.3
Toluene 9,500 10,000 8,500 11,000 2,200
2-Hexanone (MBK) 1,400 1,600 1,100 1,600 840
Dibromochloromethane <1.3 <1.3 <1.3 <1.3 <1.3
1,2-Dibromoethane <1.3 <1.3 <1.3 <1.3 <1.3
n-Butyl Acetate <1.3 <1.3 <1.3 <1.3 <1.3
n-Octane 4,000 4,400 4,100 4,700 970
Tetrachloroethene <1.3 <1.3 <1.3 <1.3 <1.3
Chlorobenzene <1.3 <1.3 <1.3 <1.3 <1.3
Ethylbenzene 1,200 1,400 930 1,300 300
m & p-Xylenes 2,300 2,700 1,500 2,500 690
Bromoform <1.3 <1.3 <1.3 <1.3 <1.3
Styrene 840 1,000 520 870 180
o-Xylene 1,200 1,500 820 1,400 380
n-Nonane 2,900 3,400 2,300 3,000 740
1.1.2.2-Tetrachloroethane <1.3 <1.3 <1.3 <1.3 <1.3
Cumene <1.3 <1.3 <1.3 <1.3 <1.3
alpha-Pinene <1.3 <1.3 <1.3 <1.3 <1.3
n-Propylbenzene 340 460 <1.3 360 99
4-Ethyltoluene <1.3 <1.3 <1.3 <1.3 <1.3
1.3.5-Trimethylbenzene <1.3 <1.3 <1.3 <1.3 <1.3
1.2.4-Trimethylbenzene 240 340 <1.3 <1.3 100
Benzyl Chloride <1.3 <1.3 <1.3 <1.3 <1.3
1.3-Dichlorobenzene <1.3 <1.3 <1.3 <1.3 <1.3
1.4-Dichlorobenzene <1.3 <1.3 <1.3 <1.3 <1.3
1.2-Dichlorobenzene <1.3 <1.3 <1.3 <1.3 <1.3
d-Limonene <1.3 <1.3 <1.3 <1.3 <1.3
1,2-Dibromo-3-chloropropane(DBCP) <1.3 <1.3 <1.3 <1.3 <1.3
1,2,4-Trichlorobenzene <1.3 <1.3 <1.3 <1.3 <1.3
Naphthalene <1.3 <1.3 <1.3 <1.3 <1.3
Hexachlorobutadiene <1.3 <1.3 <1.3 <1.3 <1.3
Notes:
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg/m³ - microgram per cubic meter
ppmv - parts per million by volume
VOC - volatile organic compound
1  US - upstream of treatment (treated)
2   DS - downstream of treatment (untreated)
Run - sampling event
UV- Ultra Violet 
GAC - Granular Activated Carbon
TGNMO - Total gaseous nonmethane organics as methane
Etime - elapsed time
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Hottpad Test 2 Power Consumption










































2018 Hottpad Test 2 Power Consumption
Accumlated Energy Since Start of Test Heaters 3 & 4 ON Heaters 3 & 4 OFF / Heaters 1 & 6 ON
Heaters 1 & 6 OFF / Heaters 2 & 5 ON Heaters 2 & 5 OFF Accidental Shutdown due to CJI worker tripping PLC breaker
Heaters ON Pad 3 & 4 restart Total Generator Output Power
Notes:
Staggered Rollout of Two Heaters Switched On at Same Time
kW - kiloWatt
hrs - hours 
kWhr - kiloWatt hours
Heaters from Hottpad 3 and 6 were run in manual mode at 90% Power Capacity
Test 2 - Photo Summary 




Mixing clean S-1 aggregate with waste sludge on 12 Feb 2018
Loading untreated material onto heater pads 3 & 4 on 13 Feb 2018
Feb - 2018
Figure C-13
Test 2 - Photo Summary 
2018 - Full Scale TS0022A
Notes:
Placing & grading clean cap soil layer on 13 Feb 2018
Installing thermocouple bundles on 14 Feb 2018
Feb - 2018
Figure C-14
Test 2 - Photo Summary 
2018 - Full Scale TS0022A
Unloading treated material from pads 1 & 6 on 24 Feb 2018




Test 2 - Photo Summary 
2018 - Full Scale TS0022A
Overview of treated material & using water as a dust suppressant on 24 Feb 2018
Obtaining a shallow depth soil sample of treated material on 24 Feb 2018
Notes:
Figure C-16
Test 2 - Photo Summary 
2018 - Full Scale TS0022A
Feb - 2018
Soil stratigraphy along front cut of treated pile on 24 Feb 2018
Soil stratigraphy of treated material along Hottpad walls on 24 Feb 2018
Notes:
Test FS7 
Test FS7 was intended as an exact replica of Test FS6 with a soil sludge volume ratio of 4:1 
piled 2m high. Sludge for Test FS7 primarily originated from the secondary separator. The same 
air flow rates were used from Test FS6 for a Darcy flux of approximately 1.0cm/s. No significant 
operational issues were encountered during Test FS7; however, the CEMS sample line was 
accidently disconnected from the sample probe approximately 48.9hr into the test. The sample 
line was disconnected for approximately 10 minutes, but values recorded by the CEMS 
recovered slowly. This timing likely corresponded to peak CO and CO2 generation and 
therefore, the recorded peak values for these compounds may not be representative. The FID 
sampling line, measuring THC, was unaffected.  
Though the soil sludge volume ratios were the same between Tests FS6 and FS7, the total fuel 
content, as determined by the “oil & grease” analytical results, were significantly different. The 
average total fuel content for Test FS6 was 25 016mg/kg, whereas Test FS7 was only 4 
020mg/kg; over 6 times lower than Test FS6. This could be attributed to hydrocarbon variability 
in the sludge and/or variability in the mixing sampling collection procedures. 




Fuel Type Chevron Batangas Terminal sludge from surge pond 
Mixing matrix Material S1 aggregate - reused from Test 1
Clean Cap Material Clean S1 aggregate
Height of Sand and Suldge Mix 2.0 m 6.6 ft
Height of Clean Cap Layer 0.5 m 1.6 ft
Total Height of Pile 2.5 m 8.2 ft
Clean Mixing Soil Volume 180 scoops 180.0 m3
Fuel Volume 46 scoops 46.0 m3
Saturation 0.59 26 % by vol.
Approximate Volume directly over pads1 160 scoops 195 m3
Approximate Volume of clean cap 30 scoops 45 m3
Total Volume added to the pile 190 scoops 261 m3
Target Process Air Rate per Pad 8 m3/min 286 scfm
Equivalent Darcy velocity 0.61 m/min 1.02 cm/s
Process Air Rate during cooling 0 m3/min N/A  scfm
Heaters Setpoint 450 oC
Extraction Flowrate 55 m3/min 1964 scfm
Extraction Vacuum -23 in.H20 -5.7 kPa
Times:
Approximate Mixing Time 8 hr 
Loading Time 8 hr
Injection Air ON -80 min -1.33 hr
Heaters 3 & 4 ON 0 min 0.00 hr
GAC & Knockout Tank 2 connected to vapour treatment train 31 min 0.52 hr
Combustion Started (CO >50 ppm) 307 min 5.12 hr
Heaters 3 & 4 OFF 1277 min 21.28 hr
Heaters 1 & 6 ON 1338 min 22.30 hr
Heaters 1 & 6 OFF 2486 min 41.43 hr
Heaters 2 & 5 ON 2546 min 42.43 hr
Heaters 2 & 5 OFF 3571 min 59.52 hr
Generator switch 3976 min 66.27 hr
Generator switch 8296 min 138.27 hr
Max CO concentration (ppm) and time 3847 ppm 48.83 hr
Injection Air OFF 8645 min 144.08 hr
Unloading Time 8 hr
TOTAL Test Time 90 hr
Max temperature reached in pile and location 583 oC
Maximum temperature recorded on exterior of walls 105 ºC
Maximum pile & location Temperature reached at Pad 1 523
oC
Maximum pile & location Temperature reached at Pad 2 583 oC
Maximum pile & location Temperature reached at Pad 3 89 oC
Maximum pile & location Temperature reached at Pad 4 370 oC
Maximum pile & location Temperature reached at Pad 5 496 oC
Maximum pile & location Temperature reached at Pad 6 509 oC
Condensate Noticable in Extraction System (Y/N)
Approximate Volume of Condensate throughout entire test2 2500 L
Approximate volume of untreated soil remaining3 20 m3




























Friday, March 23, 2018
Pads 3 and 4
1 of 3
Full Scale Hottpad, Chevron.  2018 Test No. 3
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Comments:
m = meter; m3 = cubic meter; ft = feet; scoops = excavator scoop; min = minute; hr = hour; ppm = part per million; s = seconds 
L = Litre; scfm = standard cubic feet per minute; mmH2O = millimeters of water;  
oC = Degrees Celsius; % = percentage ; Vol. = Volume
1 Based on CEMs calculation of percentage of target mass of fuel over pads, and using estimated densities from bucket test from 2016;
Density of mixed material from test 3= 1566.33 Kg/m3; density of sludge = 1230 Kg/m3; density of clean material = 1565 Kg/m3 
2 Estimate, done by the estimated volume drained from the wet scrubber, knockout tank, stack and the condensates observed coming 
out of the stack, and frequency of drainage.  
3 Volume calculated using the percentage of untreated fuel estimated by the CEMs data;































































4 TPH = Total Petrolium Hydrocarbons; GSD = Grain Size Distribution;  M = Metal and General Chemistry;
TCLP = Toxicity Characteristic Leaching Procedure; TM = Total Metals; N = Nutrients; O = Organics; I = Inorganics; C = Combustion




















































Test 3-T4 DUP TPH,TCLP,TM,N,O,I,C3/24/2018
Test 3 U5 TPH,TCLP,TM,N,O,I,C
2 of 3




Fuel Type Chevron Batangas Terminal sludge from surge pond 
Mixing matrix Material S1 aggregate - reused from Test 1
Clean Cap Material Clean S1 aggregate
Height of Sand and Suldge Mix 2.0 m 6.6 ft
Height of Clean Cap Layer 0.5 m 1.6 ft
Total Height of Pile 2.5 m 8.2 ft
Clean Mixing Soil Volume 180 scoops 180.0 m3
Fuel Volume 46 scoops 46.0 m3
Saturation 0.59 26 % by vol.
Approximate Volume directly over pads1 160 scoops 195 m3
Approximate Volume of clean cap 30 scoops 45 m3
Total Volume added to the pile 190 scoops 261 m3
Target Process Air Rate per Pad 8 m3/min 286 scfm
Equivalent Darcy velocity 0.61 m/min 1.02 cm/s
Process Air Rate during cooling 0 m3/min N/A  scfm
Heaters Setpoint 450 oC
Extraction Flowrate 55 m3/min 1964 scfm
Extraction Vacuum -23 in.H20 -5.7 kPa
Times:
Approximate Mixing Time 8 hr 
Loading Time 8 hr
Injection Air ON -80 min -1.33 hr
Heaters 3 & 4 ON 0 min 0.00 hr
GAC & Knockout Tank 2 connected to vapour treatment train 31 min 0.52 hr
Combustion Started (CO >50 ppm) 307 min 5.12 hr
Heaters 3 & 4 OFF 1277 min 21.28 hr
Heaters 1 & 6 ON 1338 min 22.30 hr
Heaters 1 & 6 OFF 2486 min 41.43 hr
Heaters 2 & 5 ON 2546 min 42.43 hr
Heaters 2 & 5 OFF 3571 min 59.52 hr
Generator switch 3976 min 66.27 hr
Generator switch 8296 min 138.27 hr
Max CO concentration (ppm) and time 3847 ppm 48.83 hr
Injection Air OFF 8645 min 144.08 hr
Unloading Time 8 hr
TOTAL Test Time 90 hr
Max temperature reached in pile and location 583 oC
Maximum temperature recorded on exterior of walls 105 ºC
Maximum pile & location Temperature reached at Pad 1 523
oC
Maximum pile & location Temperature reached at Pad 2 583 oC
Maximum pile & location Temperature reached at Pad 3 89 oC
Maximum pile & location Temperature reached at Pad 4 370 oC
Maximum pile & location Temperature reached at Pad 5 496 oC
Maximum pile & location Temperature reached at Pad 6 509 oC
Condensate Noticable in Extraction System (Y/N)
Approximate Volume of Condensate throughout entire test2 2500 L
Approximate volume of untreated soil remaining3 20 m3




























Friday, March 23, 2018
Pads 3 and 4
1 of 3
Full Scale Hottpad, Chevron.  2018 Test No. 3
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Soil Samples Collected 
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Summa Canister
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
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Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Vapor Samples Collected - Hi-Advance
Comments:
m = meter; m3 = cubic meter; ft = feet; scoops = excavator scoop; min = minute; hr = hour; ppm = part per million; s = seconds 
L = Litre; scfm = standard cubic feet per minute; mmH2O = millimeters of water;  
oC = Degrees Celsius; % = percentage ; Vol. = Volume
1 Based on CEMs calculation of percentage of target mass of fuel over pads, and using estimated densities from bucket test from 2016;
Density of mixed material from test 3= 1566.33 Kg/m3; density of sludge = 1230 Kg/m3; density of clean material = 1565 Kg/m3 
2 Estimate, done by the estimated volume drained from the wet scrubber, knockout tank, stack and the condensates observed coming 
out of the stack, and frequency of drainage.  
3 Volume calculated using the percentage of untreated fuel estimated by the CEMs data;































































4 TPH = Total Petrolium Hydrocarbons; GSD = Grain Size Distribution;  M = Metal and General Chemistry;
TCLP = Toxicity Characteristic Leaching Procedure; TM = Total Metals; N = Nutrients; O = Organics; I = Inorganics; C = Combustion




















































Test 3-T4 DUP TPH,TCLP,TM,N,O,I,C3/24/2018
Test 3 U5 TPH,TCLP,TM,N,O,I,C
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Test 3 - Emissions Sampling Events




CEMS = continuous emission monitoring
ppm    = part per million 
%Vol  = Percentage Volume
hrs = hours 
Test 3 - Temperature Profiles - Bundle A




     oC  = Degrees Celcius
 Hrs = Hours
m  = Metres
* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 3 - Temperature Profiles - Bundle B




        oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple
Bundle H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 3 - Temperature Profiles - Bundle C 




       oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple
Bundle H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 3 - Temperature Profiles - Bundle D




       oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
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Test 3 - Temperature Profiles - Bundle E
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* Thermocouple Bundle
H was placed
horizontally in the west
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at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
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Test 3 - Temperature Profiles - Bundle F 




     oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 3 - Temperature Profiles - Bundle G
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m  = Metres
* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
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%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 3 - Temperature Profiles - Bundle H 
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* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
Test 3 - Temperature Profiles - Bundle I 




oC  = Degrees Celcius 
Hrs = Hours
m  = Metres
* Thermocouple Bundle
H was placed
horizontally in the west
side of the hottpad pile
at approx. 50 cm high.
TC  = Thermocouple
%   =  Percentage
=  Vertical Thermocouple Bundle
Vertical Thermocouple Bundle Profile 
*
East
ID X (m) Y (m) 2.5m
(0,0) 4.65m A 2.325 1.4
B 4.65 0.3 2.0m
C 6.975 1.4
D 0.3 4.2 1.5m
E 4.65 4.2
F 9.0 4.2
North South G 2.325 7.0
H 4.65 9.7 0.5m
I 6.975 7.0 0.25m
0m
We have 7 heights in each TC bundle but only 6 wires to connect. 
We will not use the 1.0m height.
Bundle H will be used as a sentry TC over the concrete ramp to 








2018 - Thermocouple Layout for Tests 1 & 3
Test 3 Maximum Observed Temperatures 
Chevron Hottpad Full Scale 2018





°C - degrees Celsius
Height represents meters above top of Hottpad screen.
Temperatures presented represent maximum temperature
























































































































Test 3 - CEMS, FID Emissions Profiles 




CEMS  = Continuous Emission Monitoring
ppm   = Part per million 
%Vol = Percentage Volume
Hrs  = Hours
CO  = Carbon Monoxide
CO2 = Carbon Dioxide
VOCs    = Volatile Organic Compounds
 
Test 3 - CEMS, FID Emissions Profiles 




CEMS  = Continuous Emission Monitoring
ppm   = Part per million 
%Vol = Percentage Volume
Hrs  = Hours
SO2 = Sulfur Dioxide
NO2 = Nitrogen Dioxide
Test 3 - CEMS, FID Emissions Profiles 




CEMS = Continuous Emission Monitoring
ppm   = Part per million 
% Vol = Percentage Volume
Hrs  = Hours




























Test FS3 CO/CO2 Trends
CO/CO2 Ratio Heaters 3 & 4 ON Heaters 3 & 4 OFF / 1 & 6 ON

























































Test FS7 Mass Loss (2,260kg of SS Sludge added; 2m pile; 1.1cm/s Darcy flux)
Mass Loss Rate (kg/min) Normalize Cummulative Mass Loss
TABLE 4 - TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
TEST 3 SAMPLES 































4TEST 3 T4 DUP
24-Mar-18
KL1803419005
Description / Location Untreated Mix for Test 3 - Sample No. 1
Untreated Mix for Test 3 - 
Sample No. 2
Untreated Mix for Test 3 - 
Sample No. 3
Untreated Mix for Test 3 - 
Sample No. 4
Untreated Mix for Test 3 - 
Sample No. 5
Treated Mix for Test 3  -
Pads 1 & 6 from 1. to 1.5 
m height 
Treated Mix for Test 3- 
Pads 1 & 6 from 1 to 1.5 
m height 
Treated Mix for Test 3 - 1 
& 6 at 1.5 - 1.75 m height 
Treated Mix for Test 3 - 
Pads 1 & 6 at 0.25 to 0.5 
m height 
Treated Mix for Test 3 - 
Composite Sample
Physical & Aggregate Properties (%)
Ash Content 96.7 95 96.4 95.7 96.2 97.9 98.2 98.1 98 97.9
Moisture Content 7.6 9.3 7.7 8.6 6.3 16.4 1.26 7.63 20.4 18.6
Aggregate Properties (mg/kg)
Total Alkalinity as CaCO3 106 84 84 109 109 87 56 56 78 81
TPH Fractions (mg/kg)
TPH C6-C9 <5 28 27 21 19 <5 <5 <5 <5 <5
TPH C10-C14 143 174 148 170 168 <50 <50 <50 <50 <50
TPH C15-C28 1,880 2,500 2,150 2,600 2,500 <100 <100 <100 <100 <100
TPH C29-C36 396 579 518 636 603 <100 <100 <100 <100 <100
TPH (mg/kg) 2,419 3,281 2,843 3,427 3,290 ND ND ND ND ND
Aggregate Organics (mg/kg) 5
Oil & Grease 3,530 4,740 4,000 3,750 4,080 <10 <10 <10 <10 <10
Inorganic and Nonmetallic (mg/kg)
Hexavalent Chromium <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.9 1.2 <0.5 <0.5
Sulphate as SO4 13,200 18,900 14,000 13,800 10,100 15,800 18,700 20,000 14,300 16,700
Total Nitrogen as N 479 482 474 660 481 332 146 153 174 180
Ammonia as NH3 <0.1 <0.1 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1 <0.1
Nitrate (Sol.) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Total Cyanide <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Nitrite as NO2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Monocylic Aromatics (mg/kg)
Benzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Toluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Ethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
meta- & para-Xylene <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Styrene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
ortho-Xylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Isopropylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
n-Propylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3.5-Trimethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
sec-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trimethylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
tert-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
p-Isopropyltoluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
n-Butylbenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Fumigants (mg/kg)
2.2-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.3-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.3-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dibromoethane (EDB) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Test 3
Hottpad Soil Results Analytical Summary 2018 1 of 4 6/19/2018
TABLE 4 - TOTAL PETROLEUM HYDROCARBONS ANALYSIS 
TEST 3 SAMPLES 































4TEST 3 T4 DUP
24-Mar-18
KL1803419005
Halogenated  Aliphatics (mg/kg)
Dichlorodifluoromethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Chloromethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Vinyl chloride <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Bromomethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Chloroethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Trichlorofluoromethane <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
1.1-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Iodomethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.2-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1-Dichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.2-Dichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.1-Trichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1-Dichloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Carbon Tetrachloride <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Trichloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dibromomethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.2-Trichloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3-Dichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Tetrachloroethene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.1.2-Tetrachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
trans-1.4-Dichloro-2-butene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
cis-1.4-Dichloro-2-butene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.1.2.2-Tetrachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.3-Trichloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pentachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dibromo-3-chloropropane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobutadiene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Oxygenated Compounds (mg/kg)
2-Butanone (MEK) <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
4-Methyl-2-pentanone (MIBK) <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
2-Hexanone (MBK) <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Halogenated Aromatics (mg/kg)
Chlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bromobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Chlorotoluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Chlorotoluene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.4-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.3-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Trihalomethanes (mg/kg)
Chloroform <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Bromodichloromethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dibromochloromethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bromoform <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Phenolic Compounds (mg/kg)
Phenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Chlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Methylphenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
3- & 4-Methylphenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Nitrophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.4-Dimethylphenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.4-Dichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.6-Dichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Chloro-3-methylphenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.4.6-Trichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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2.4.5-Trichlorophenol <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pentachlorophenol <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Phthalate Esters (mg/kg)
Dimethyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Diethyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Di-n-butyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Butyl benzyl phthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bis(2-ethylhexyl)phthalate <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0
Di-n-octylphthalate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Nitroaromatics and Ketones (mg/kg)
2-Picoline <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Acetophenone <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Nitrobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Isophorone <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2.6-Dinitrotoluene <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
2.4-Dinitrotoluene <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
1-Naphthylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Nitroquinoline-N-oxide <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
5-Nitro-o-toluidine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Azobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.3.5-Trinitrobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Phenacetin <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Aminobiphenyl <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pentachloronitrobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pronamide <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dimethylaminoazobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Chlorobenzilate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Nitrosamines (mg/kg)
N-Nitrosomethylethylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosodiethylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosopyrrolidine <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
N-Nitrosomorpholine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosodi-n-propylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosopiperidine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
N-Nitrosodibutylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Diphenylamine & N-Nitrosodiphenylamine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Diallate <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Methapyrilene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Haloethers (mg/kg)
Bis(2-chloroethyl) ether <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Bis(2-chloroethoxy) methane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Chlorophenyl phenyl ether <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Bromophenyl phenyl ether <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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1.3-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.4-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2-Dichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachloroethane <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
1.2.4-Trichlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachloropropylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobutadiene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorocyclopentadiene <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5
Pentachlorobenzene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hexachlorobenzene (HCB) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Anilines and Benzidines (mg/kg)
Aniline <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Chloroaniline <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
2-Nitroaniline <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
3-Nitroaniline <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Dibenzofuran <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
4-Nitroaniline <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Carbazole <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
3.3`-Dichlorobenzidine <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Polycyclic Aromatic Hydrocarbons  (mg/kg)
Naphthalene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Acenaphthylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Acenaphthene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Fluorene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Phenanthrene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Anthracene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Fluoranthene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pyrene 1.8 1.8 2 2.2 2 <0.5 <0.5 <0.5 <0.5 <0.5
Benz(a)anthracene <0.5 <0.5 0.8 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Polycyclic Aromatic Hydrocarbons  (mg/kg)
Chrysene <0.5 <0.5 <0.5 0.8 0.7 <0.5 <0.5 <0.5 <0.5 <0.5
Benzo(b) & Benzo(k)fluoranthene <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Benzo(a)pyrene 0.5 0.5 0.6 0.7 0.6 <0.5 <0.5 <0.5 <0.5 <0.5
Indeno(1.2.3.cd)pyrene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Dibenz(a.h)anthracene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Benzo(g.h.i)perylene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Notes:
1    UT#- Untreated (sample number)
2   T# - Treated (sample number)
3   PT# - Partially Treated (sample number)
4   DUP# - Sample Duplicate (sample number)
N/A - analysis not applied
ND- analyte not detected
Bold - analyte detected
< - analyte not detected; associated value is detection limit 
mg/kg - milligrams per kilogram
VOC - volatile organic compound
% - percent by weight
TPH - total petroleum hydrocarbon
Avg. - average




NO2 - Ntrogen dioxide
N - Nitrogen
CaCO3 - Calcium Carbonate
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TABLE 7 - TEST 3 - EMISSIONS SUMMARY 
Chevron Hottpad Full Scale - 2018 
Run Number Run 1 Run 2 Run 3 Run 4 Run 5 CAA
Sampling Date 10-Mar-18 11-Mar-18 11-Mar-18 12-Mar-18 14-Mar-18 Limit
Sampling Time 1650H-1750H 1020H-1120H 2330H-0030H 1755H-1855H 1645H-1745H mg/Ncm
Moisture Content (%) 8.2 10.4 12.4 9.8 7.5
Stack Gas Temperature (oC) 32 43 45 42 37
Carbon Dioxide Concentration (%) 1 1 1 1 1
Oxygen Concentration (%) 20 20 20 20 20
Particulate Matter Emissions
Mass Collected (mg) 0.5 0.4 0.5 0.2 0.4
Concentration (mg/Ncm) 0.5 0.41 0.5 0.21 0.40 150
Run Number Run 1 Run 2 Run 3 Run 4 Run 5 CAA
Sampling Date 10-Mar-18 11-Mar-18 11-Mar-18 12-Mar-18 14-Mar-18 Limit
Sampling Time 1420H-1620H 0725H-0925H 2050H-2250H 1520H-1720H 0820H-1020H mg/Ncm
Moisture Content (%) 5.5 8.7 2.8 9.0 6.0
Stack Gas Temperature (oC) 32 42 44 34 45
Carbon Dioxide Concentration (%) 1 1 1 1 1
Oxygen Concentration (%) 20 20 20 20 20
Arsenic (As) Emissions
Mass Collected (mg) <0.1 <0.1 <0.1 <0.1 <0.1
Concentration (mg/Ncm) BDL -BDL BDL BDL BDL 10
Cadmium (Cd) Emissions
Mass Collected (mg) <0.03 <0.03 <0.03 <0.03 <0.2
Concentration (mg/Ncm) BDL BDL BDL BDL BDL 10
Chromium (Cr) Emissions
Mass Collected (mg) <0.3 <0.3 <0 .3 <0.3 <3.0
Concentration (mg/Ncm) BDL BDL BDL BDL BDL NS
Run Number Run 1 Run 2 Run 3 Run 4 Run 5 CAA
Sampling Date 10-Mar-18 11-Mar-18 11-Mar-18 12-Mar-18 14-Mar-18 Limit
Sampling Time 1420H-1620H 0725H-0925H 2050H-2250H 1520H-1720H 2020H-2220H mg/Ncm
Moisture Content (%) 5.5 8.7 2.8 0.8 2.8
Stack Gas Temperature (oC) 32 42 44 44 35
Carbon Dioxide Concentration (%) 1 1 1 1 1
Oxygen Concentration (%) 20 20 20 20 20
Lead (Pb) Emissions
Mass Collected (mg) 38.8 40.40 38.57 43.020 <0.6
Concentration (mg/Ncm) 19.335 19.96 19.112 21.414 BDL 10
Mercury (Hg) Emissions
Mass Collected (mg) 0.270 6.78 1.02 0.310 <0.01
Concentration (mg/Ncm) 0.135 3.35 0.505 0.154 BDL 5
Thallium (Tl) Emissions
Mass Collected (mg) <4.0 <4.0 <4 .0 <4.0 <4.0
Concentration (mg/Ncm) BDL BDL BDL BDL BDL NS
Particulate Matter - Pre Knock-Out 
Heavy Metals in Air - Pre Knock-Out 
Heavy Metals in Air - Pre Knock-Out 
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TABLE 7 - TEST 3 - EMISSIONS SUMMARY 
Chevron Hottpad Full Scale - 2018
Run Number Run 1 Run 2 Run 3 Run 4 Run 5 CAA
Sampling Date 10-Mar-18 11-Mar-18 11-Mar-18 12-Mar-18 14-Mar-18 Limit
Sampling Time 0450H-0550H 1000H-1100H 2330H-0030H 1755H-1855H 1640H-1740H mg/Ncm
Moisture Content (%) 7.0 7.9 8.0 7.3 5.8
Stack Gas Temperature (oC) 36 38 37 32 37
Carbon Dioxide Concentration (%) 1 1 1 1 1
Oxygen Concentration (%) 20 20 20 20 20
Particulate Matter Emissions
Mass Collected (mg) 0.4 0.8 0.4 0.5 0.6
Concentration (mg/Ncm) 0.39 0.80 0.39 0.49 0.6 150
Run Number Run 1 Run 2 Run 3 Run 4 Run 5 CAA
Sampling Date 10-Mar-18 10-Mar-18 12-Mar-18 12-Mar-18 14-Mar-18 Limit
Sampling Time 0830H-1430H 1340H-1940H 0315H-0915H 2120H-0220H 1120H-1720H mg/Ncm
Moisture Content (%) 16.2 14.8 8.5 11.0 11.6
Stack Gas Temperature (oC) 33 38 37 39 37
Carbon Dioxide Concentration (%) 1 1 1 1 1
Oxygen Concentration (%) 20 20 20 20 20
Dioxins/Furans Emissions
Mass Collected (mg) 9.52E-07 2.15E-07 2.26E-07 7.19E-08 2.06E-08
Concentration (mg/Ncm) 1.59E-07 3.66E-08 3.81E-08 1.23E-08 3.42E-09 NS
Run Number Run 1 Run 2 Run 3 Run 4 Run 5 CAA
Sampling Date 10-Mar-18 11-Mar-18 11-Mar-18 12-Mar-18 14-Mar-18 Limit
Sampling Time 0700H-0800H 1215H-1315H 0120H-0220H 19400H-2040H 1825H-1925H mg/Ncm
Moisture Content (%) 4.6 6.1 9.8 15.4 5.1
Stack Gas Temperature (oC) 43 39 41 40 44
Carbon Dioxide Concentration (%) 1 1 1 1 1
Oxygen Concentration (%) 20 20 20 20 20
Hydrogen Fluoride (HF) Emissions
Mass Collected (mg) <0.4 <0.4 <0.4 <0.4 <0.4
Concentration (mg/Ncm) BDL BDL BDL BDL BDL 50
Hydrogen Chloride (HCI) Emissions
Mass Collected (mg) 4,0 <0.6 <0.6 <0.6 <0.6
Concentration (mg/Ncm) 3.7 BDL BDL BDL BDL NS
HCl and HF - Post Emissions Treatment 
Dioxins and Furans - Post Emissions Treatment 
Particulate Matter - Post Emissions Treatment 
Hottpad Emissions Analytical Summary - 2018 2 of 3 6/19/2018
TABLE 7 - TEST 3 - EMISSIONS SUMMARY 
Chevron Hottpad Full Scale - 2018
Run Number Run 1 Run 2 Run 3 Run 4 Run 5 CAA
Sampling Date 10-Mar-18 11-Mar-18 11-Mar-18 12-Mar-18 14-Mar-18 Limit
Sampling Time 0220H-0420H 0720H-0920H 2050H-2250H 1520H-1720H 0820H-1020H mg/Ncm
Moisture Content (%) 4.1 7.9 9.1 9.0 6.0
Stack Gas Temperature (oC) 37 38 39 34 45
Carbon Dioxide Concentration (%) 1 1 1 1 1
Oxygen Concentration (%) 20 20 20 20 20
Arsenic (As) Emissions
Mass Collected (mg) <0.1 <0.1 <0.1 <0.1 <0.1
Concentration (mg/Ncm) BDL BDL BDL BDL BDL 10
Cadmium (Cd) Emissions
Mass Collected (mg) <0.03 <0.03 <0.03 <0.03 <0.2
Concentration (mg/Ncm) BDL BDL BDL BDL BDL 10
Chromium (Cr) Emissions
Mass Collected (mg) <0.3 <0.3 <0.3 <0.3 <3.0
Concentration (mg/Ncm) BDL BDL BDL BDL BDL NS
Run Number Run 1 Run 2 Run 3 Run 4 Run 5 CAA
Sampling Date 10-Mar-18 11-Mar-18 11-Mar-18 12-Mar-18 14-Mar-18 Limit
Sampling Time 0220H-0420H 0720H-0920H 2050H-2250H 1520H-1720H 0820H-1020H mg/Ncm
Moisture Content (%) 4.1 7.9 9.1 9.0 6.0
Stack Gas Temperature (oC) 37 38 39 34 45
Carbon Dioxide Concentration (%) 1 1 1 1 1
Oxygen Concentration (%) 20 20 20 20 20
Lead (Pb) Emissions
Mass Collected (mg) <0.03 <0.03 <0.03 <0.03 <0.6
Concentration (mg/Ncm) BDL BDL BDL BDL BDL 10
Mercury (Hg) Emissions
Mass Collected (mg) 1.53 27.09 30.03 32.7 <0.01
Concentration (mg/Ncm) 0.771 13.545 14.978 16.479 BDL 5
Thallium (Tl) Emissions
Mass Collected (mg) <4.0 <4.0 <4.0 <4.0 <4.0
Concentration (mg/Ncm) BDL BDL BDL BDL BDL NS
Notes
NA - Not Applicable 
ND - Non Detect
BDL - Below  Detection Limit
NS - No Standard
% - Percentage 
oC - Degrees Celsius 
mg - milligrams 
mg/Ncm - milligram / normal cubic meter
MT/Yr - Metric Tonne per year 
CAA - Clean Air Act
Particulate Matter Emissions are within the standard of 150 mg/Ncm
Dioxins and Furans Emissions have no applicable standards set as per DENR limits
Hydrogen Fluoride (HF) Emissions are within the standard of 50 mg/Ncm
Hydrogen Chloride (HCI) Emissions have no applicable standards set as per DENR  limits
Arsenic (As) Emissions are within the standard of 10 mg/Ncm
Cadmium (Cd) Emissions are within the standard of 10 mg/Ncm
Chromium (Cr) Emissions have no standards set for DENR limits
Mercury (Hg) Emissions are within the standard of 10 mg/Ncm
Lead (Pb) Emissions are within the standard of 5 mg/Ncm
Thalium (Tl)  Emissions have no standards set for DENR limits
Heavy Metals in Air - Post Emissions Treatment 
Heavy Metals in Air - Post Emissions Treatment 
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TABLE 8 - VOCs IN EMISSIONS - TEST 3 
Chevron Hottpad Full Scale - 2018 
Sample ID 1HP-TEST 3-US-1 2HP-TEST 3-DS-1 HP-TEST 3-US-2 HP-TEST 3-DS-2 HP-TEST 3-US-3 HP-TEST 3-DS-3 HP-TEST 3-US-4 HP-TEST 3-US-5 HP-TEST 3-DS-5 HP-TEST 3-US-6 HP-TEST 3-DS-6
Sample Date 11-Mar-18 11-Mar-18 11-Mar-18 11-Mar-18 11-Mar-18 11-Mar-18 12-Mar-18 12-Mar-18 12-Mar-18 14-Mar-18 14-Mar-18
Laboratory ID KL1802852001 KL1802852002 KL1802852003 KL1802852004 KL1802852005 KL1802852006 KL1802852007 KL1802852008 KL1802852009 KL1802852010 KL1802852011
Description / Location
Run 1 - Upstream Sample - 
Before Wet Scrubber - 
Raw Emissions 
Run 1 - Downstream 
Sample - after UV system - 
Scrubber and UV Online, 
GAC Offline 
Run 2 - Upstream Sample -
Before Wet Scrubber - 
Raw Emissions
Run 2 - Downstream 
Sample -after UV system - 
Scrubber and UV Online, 
GAC Offline 
Run 3 - Upstream Sample 
Before Wet Scrubber - 
Raw Emissions 
Run 3 - Downstream 
Sample -after UV system - 
Scrubber and UV Online, 
GAC Offline 
Run 4 - Upstream Sample 
Before Wet Scrubber - 
Raw Emissions 
Run 5 - Upstream Sample 
Before Wet Scrubber - 
Raw Emissions 
Run 5 - Downstream 
Sample -after UV system - 
Scrubber and UV Online, 
GAC Offline 
Run 6 - Upstream Sample 
Before Wet Scrubber - Raw 
Emissions 
Run 6 - Downstream 
Sample -after UV system - 
Scrubber and UV Online, 
GAC Offline 
Sample time (and duration) 2:30:00 AM (30-45 min) 2:30:00 AM (30-45 min) 7:30: AM (30-45 min) 7:30: AM (30-45 min) 9:00: PM (30-45 min) 9:00: PM (30-45 min) 11:00:00 AM (30-45 min) 9:00:00 PM (30-45 min) 9:00:00 PM (30-45 min) 9:00:00 PM (30-45 min) 9:00:00 PM (30-45 min)
Test Etime (hrs) 38 38 43 43 56.50 56.50 70.50 80.50 80.50 128.50 128.50
TO-15 VOC's (ppmv)
Methane 3 34 15 2.8 2.9 2.8 28 2.9 29 3 11
C2 as Ethane <0.50 16 6.5 <0.50 <0.50 <0.50 14 <0.50 15 <0.50 <0.50
C3 as Propane <0.50 14 5.6 <0.50 <0.50 <0.50 13 <0.50 14 <0.50 4.2
C4 as n-Butane <0.50 16 8.9 <0.50 <0.50 <0.50 24 <0.50 23 <0.50 8
C5 as n-Pentane <0.50 16 8.4 <0.50 <0.50 <0.50 19 <0.50 19 <0.50 6.7
C6 as n-Hexane <0.50 9.7 4.8 <0.50 <0.50 <0.50 12 <0.50 13 <0.50 4.4
C6+ as n-Hexane <1.0 23 11 <1.0 <1.0 <1.0 31 <1.0 35 <1.0 11
Total Gaseous Nonmethane Organics (TGNMO) as Methane <1.0 420 200 <1.0 <1.0 <1.0 520 <1.0 550 <1.0 180
TO-15 VOC's (µg/m³)
Hydrogen Sulfide <7 <7 <7 <7 <7 <7 <7 <7 <7 <7 <7
Propene 4.6 14,000 6,000 3.6 3.4 2.2 12,000 3.5 13,000 2.3 4,500
Carbonyl Sulfide <12 8,100 5,100 <12 <12 <12 13,000 <12 <12 9,800 2,100
Dichlorodifluoromethane 2.2 <1.3 <1.3 2.2 2.2 2.3 <1.3 2.2 <1.3 2.3 <1.3
Chloromethane <1.3 480 230 <1.3 <1.3 <1.3 430 <1.3 440 <1.3 190
Methyl Mercaptan <9.8 <9.8 <9.8 <9.8 <9.8 <9.8 <9.8 <9.8 <9.8 <9.8 <9.8
1,2-Dichloro-1,1,2,2-tetrafluoroethane (CFC 114) <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Ethyl Mercaptan <13 <13 <13 <13 <13 <13 <13 <13 <13 <13 <13
Dimethyl Sulfide <13 110 44 <13 <13 <13 120 <13 <13 100 24
Vinyl Chloride <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1,3-Butadiene <1.3 1,100 540 <1.3 <1.3 <1.3 800 <1.3 860 <1.3 300
Carbon disulfide <7.8 790 330 <7.8 <7.8 25 810 <7.8 <7.8 570 120
Bromomethane <1.3 <1.3 26 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 21
Isopropyl Mercaptan <16 <16 <16 <16 <16 <16 <16 <16 <16 <16 <16
Chloroethane <1.3 <1.3 34 <1.3 <1.3 <1.3 <1.3 <1.3 81 <1.3 51
tert-Butyl Mercaptan <18 <18 <18 <18 <18 <18 <18 <18 <18 <18 <18
Ethanol 310 3,600 4,800 300 380 120 5,600 550 4,500 270 3,000
n-Propyl Mercaptan <16 <16 <16 <16 <16 <16 <16 <16 <16 <16 <16
Acetonitrile 4.5 12,000 8,000 7.1 3.7 2 11,000 2.6 11,000 <1.3 2,700
Ethyl Methyl Sulfide <16 <16 <16 <16 <16 <16 <16 <16 <16 <16 <16
Acrolein <5.0 460 380 <5.0 <5.0 <5.0 820 <5.0 870 <5.0 630
Thiophene <17 570 220 <17 <17 <17 640 <17 <17 480 120
Acetone 28 27,000 12,000 28 25 23 32,000 24 31,000 30 14,000
Isobutyl Mercaptan <18 380 120 <18 <18 <18 880 <18 <18 580 <18
Diethyl Sulfide <18 <18 <18 <18 <18 <18 <18 <18 <18 <18 <18
Trichlorofluoromethane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
2-Propanol <2.5 <2.5 490 <2.5 <2.5 <2.5 1,400 <2.5 1,300 <2.5 610
n-Butyl Mercaptan <18 <18 <18 <18 <18 <18 <18 <18 <18 <18 <18
Acrylonitrile <1.3 1,100 530 <1.3 <1.3 <1.3 710 <1.3 740 <1.3 170
Dimethyl disulfide <9.6 820 300 <9.6 45 <9.6 1,000 <9.6 <9.6 890 280
1,1-Dichloroethene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
3-Methylthiophene <20 91 <20 <20 <20 <20 89 <20 <20 71 <20
Methylene chloride <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Tetrahydrothiophene <18 <18 <18 <18 <18 <18 <18 <18 <18 <18 <18
2,5-Dimethylthiophene <23 <23 <23 <23 <23 <23 <23 <23 <23 <23 <23
3-Chloro-1-propene (Allyl Chloride) <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
2-Ethylthiophene <23 <23 <23 <23 <23 <23 <23 <23 <23 <23 <23
Trichlorotrifluoroethane (CFC 113) <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Carbon disulfide <13.0 <13 340 <13 <13 28 <13 <13 <13 <13 160
Diethyl Disulfide <12 <12 <12 <12 <12 <12 <12 <12 <12 <12 <12
trans-1.2-Dichloroethene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1.1-Dichloroethane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Methyl tert-Butyl Ether (MTBE) <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Vinyl Acetate <13 1,500 1,800 <13 <13 <13 2,800 <13 2,700 <13 1,200
2-Butanone (MEK) <13 6,700 2,600 <13 <13 <13 6,800 <13 6,900 <13 2,900
cis-1.2-Dichloroethene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Ethyl Acetate 4.5 <2.5 <2.5 6.5 6 <2.5 <2.5 5.5 <2.5 <2.5 <2.5
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TABLE 8 - VOCs IN EMISSIONS - TEST 3 
Chevron Hottpad Full Scale - 2018 
Sample ID 1HP-TEST 3-US-1 2HP-TEST 3-DS-1 HP-TEST 3-US-2 HP-TEST 3-DS-2 HP-TEST 3-US-3 HP-TEST 3-DS-3 HP-TEST 3-US-4 HP-TEST 3-US-5 HP-TEST 3-DS-5 HP-TEST 3-US-6 HP-TEST 3-DS-6
Sample Date 11-Mar-18 11-Mar-18 11-Mar-18 11-Mar-18 11-Mar-18 11-Mar-18 12-Mar-18 12-Mar-18 12-Mar-18 14-Mar-18 14-Mar-18
Laboratory ID KL1802852001 KL1802852002 KL1802852003 KL1802852004 KL1802852005 KL1802852006 KL1802852007 KL1802852008 KL1802852009 KL1802852010 KL1802852011
N - Hexane 3.3 2,500 1,100 2.7 4.8 4.7 1,900 8.4 2,300 5.8 700
Chloroform <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 11
Tetrahydrofuran <1.3 180 85 <1.3 <1.3 <1.3 180 <1.3 190 <1.3 93
1,2-Dichloroethane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1,1,1-Trichloroethane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Benzene 3.5 6,900 2,600 3.1 3.2 2.5 6,000 4.9 6,600 2.9 1,900
Carbon Tetrachloride <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Cyclohexane <2.5 <2.5 68 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 46
1,2-Dichloropropane 2.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Bromodichloromethane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Trichloroethene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1,4-Dioxane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Methyl Methacrylate <2.5 <2.5 47 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5
n-Heptane <1.3 1,900 860 <1.3 <1.3 <1.3 1,400 4.3 1,700 <1.3 580
cis-1.3-Dichloropropene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
4-Methyl-2-pentanone (MIBK) <1.3 270 130 <1.3 <1.3 <1.3 340 <1.3 350 <1.3 170
trans-1.3-Dichloropropene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1,1,2-Trichloroethane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Toluene 6.4 3,400 1,200 7.5 10 7.4 2,600 11 3,100 9.5 1,000
2-Hexanone (MBK) <1.3 740 290 <1.3 <1.3 <1.3 880 <1.3 1000 <1.3 390
Dibromochloromethane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1,2-Dibromoethane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
n-Butyl Acetate <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
n-Octane 2.7 1,400 590 <1.3 <1.3 <1.3 1,100 4.1 1,300 <1.3 430
Tetrachloroethene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Chlorobenzene <1.3 <1.3 13 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 15
Ethylbenzene <1.3 370 110 <1.3 <1.3 <1.3 310 <1.3 390 <1.3 140
m & p-Xylenes 3.7 670 210 <2.5 <2.5 <2.5 780 4.9 970 <2.5 380
Bromoform <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Styrene <1.3 190 29 <1.3 <1.3 <1.3 140 <1.3 170 <1.3 53
o-Xylene 1.9 340 80 <1.3 <1.3 <1.3 310 2.4 390 <1.3 150
n-Nonane 2.9 1,000 300 <1.3 <1.3 <1.3 740 6 930 2.4 320
1.1.2.2-Tetrachloroethane <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Cumene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 11
alpha-Pinene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
n-Propylbenzene <1.3 99 13 <1.3 <1.3 <1.3 <1.3 <1.3 110 <1.3 37
4-Ethyltoluene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 15
1.3.5-Trimethylbenzene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 12
1.2.4-Trimethylbenzene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 2.5 74 2.3 28
Benzyl Chloride <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1.3-Dichlorobenzene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1.4-Dichlorobenzene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1.2-Dichlorobenzene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
d-Limonene 3.4 <1.3 <1.3 2.7 <1.3 <1.3 <1.3 3 <1.3 3 <1.3
1,2-Dibromo-3-chloropropane(DBCP) <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
1,2,4-Trichlorobenzene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Naphthalene <1.3 <1.3 <1.3 5.7 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Hexachlorobutadiene <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3 <1.3
Bold - analyte detected
< - analyte not detected; associated value is detection limit
µg/m³ - microgram per cubic meter
ppmv - parts per million by volume
VOC - volatile organic compound
1  US - upstream of treatment (treated)
2   DS - downstream of treatment (untreated)
Run - sampling event
UV- Ultra Violet 
GAC - Granular Activated Carbon
TGNMO - Total gaseous nonmethane organics as methane
Etime - elapsed time
Hottpad Emissions Results Analytical Summary - 2018 2 of 2 6/19/2018
Hottpad Test 3 Power Consumption









































2018 Hottpad Test 3 Power Consumption
Accumlated Energy Since Start of Test (kWhr) Heaters 3 & 4 ON
Heaters 3 & 4 OFF / 1 & 6 ON; Accumulated Energy Value Reset Heaters 1 & 6 OFF / 2 & 5 ON
Heaters 2 & 5 OFF Switched Generator
Switched Generator Total Generator Output Power (kW)
Notes:
Staggered Rollout of Two Heaters Switched On at Same Time
Switched Generators Every 72 Hours to Avoid Failures Due to Power Overload
kW - kiloWatt
hrs - hours 
kWhr - kiloWatt hours
Heaters from Hottpad 3 and 6 were run in manual mode at 90% Power Capacity
Test 3 - Photo Summary 




Mixing clean S-1 aggregate & waste sludge using perforated bucket on 4 Mar 2018
Loading untreated material onto heater pads 3 & 4 on 4 Mar 2018
Test 3 - Photo Summary 




Graded clean cap soil layer on 4 Mar 2018
Thermocouple bundles installed on 4 Mar 2018
Test 3 - Photo Summary 
2018 - Full Scale TS0022A
March - 2018
Figure C-27
Unloading treated material from pad 1 on 23 Mar 2018




Test 3 - Photo Summary 
2018 - Full Scale TS0022A
Soil stratigraphy of treated material on heater pad 2 on 23 Mar 2018
Contrast between clean cap soil layer and treated material on 23 Mar 2018
Notes:
Figure C-29
Test 3 - Photo Summary 
2018 - Full Scale TS0022A
March - 2018
Soil sample locations at various depths of cut at heater pad 2 on 23 Mar 2018
Treated material from front-to-back along centre cut of Hottpad on 23 Mar 2018
Notes:
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